Methanogenesis in Marine Sediments of the Mississippi River Delta. by Hook, Leonard Alan
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1981
Methanogenesis in Marine Sediments of the
Mississippi River Delta.
Leonard Alan Hook
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation




This was produced from a copy of a document sent to us for microfilming. While the 
most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the material 
submitted.
Hie following explanation of techniques is provided to help you understand 
markings or notations which may appear on this reproduction.
1.The sign or “target” for pages apparently lacking from the document 
photographed is “Missing Page(s)”. If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting through an image and duplicating 
adjacent pages to assure you of complete continuity.
2. When an image on the film is obliterated with a round black mark it is an 
indication that the film inspector noticed either blurred copy because of 
movement during exposure, or duplicate copy. Unless we meant to delete 
copyrighted materials that should not have been filmed, you will find a 
good image of the page in the adjacent frame.
3. When a map, drawing or chart, etc., is part of the material being photo­
graphed the photographer has followed a definite method in “sectioning” 
the material. It is customary to begin filming at the upper left hand comer 
of a large sheet and to continue from left to right in equal sections with 
small overlaps. If necessary, sectioning is continued again-beginning 
below the first row and continuing on until complete.
4. For any illustrations that cannot be reproduced satisfactorily by 
xerography, photographic prints can be purchased at additional cost and 
tipped into your xerographic copy. Requests can be made to our 
Dissertations Customer Services Department.
5. Some pages in any document may have indistinct print. In all cases we 




3 0 0  N. ZEEB ROAD, ANN ARBOR, Ml 4 8 1 0 6  
18 BEDFORD ROW. LONDON WC1R 4EJ.  ENGLAND
8117631
H o o k , L eo n a r d  Ala n
METHANOGENESIS IN MARINE SEDIMENTS OF THE MISSISSIPPI RIVER 
DELTA
The Louisiana State University and Agricultural and Mechanical Col Ph.D. 1981
University
Microfilms
International 300 N. Zeeb Road, Ann Arbor, MI 48106
PLEASE NOTE:
In all cases this material has been filmed In the best possible way from the available copy. 
Problems encountered with this document have been identified here with a check mark V .
4. Illustrations are poor copy______
5. Pages with black marks, not original copy______
6. Print shows through as there is text on both sides of page______
7. Indistinct, broken or small print on several pages______
8. Print exceeds margin requirements______
9. Tightly bound copy with print lost in spine______
10. Computer printout pages with indistinct print______
11. Page(s)____________ lacking when material received, and not available from school or
1. Glossy photographs or pages
2. Colored illustrations, paper or print_____
3. Photographs with dark background
author.
12. Page(s)___________
13. Two pages numbered
seem to be missing in numbering only as  text follows. 
I___________ . Text follows.





\ methanogenesis in  marine sediments of  the
Subm itted  to  t h e  G rad u a te  F a c u l ty  o f  th e  
L o u i s ia n a  S t a t e  U n iv e r s i ty  
and A g r i c u l t u r a l  and M echan ica l C o llege  
i n  p a r t i a l  f u l f i l l m e n t  o f  th e  
r e q u i r e m e n ts  f o r  th e  d e g re e  o f
Leonard Alan Hook.
B .S . ,  M ichigan  S t a t e  U n i v e r s i t y ,  1970 
M .S . ,  C e n t r a l  M ichigan U n i v e r s i t y ,  1974 
Hay, 1981
MISSISSIPPI RIVER DELTA
A D i s s e r t a t i o n
D oc to r  o f  P h i lo so p h y
in
The D epartm ent o f  M icro b io lo g y
by
ACKNOWLEDGMENTS
I  would l i k e  to  th a n k  my a d v i s o r ,  Dr. John M. L a rk in ,  f o r  
g e n e ro u s ly  p r o v id in g  s u p p o r t  o f  my r e s e a r c h ,  and f o r  h i s  v a lu a b l e  
a s s i s t a n c e  th ro u g h o u t  my academ ic c a r e e r  a t  LSU. I  am a l s o  g r a t e f u l  
to  th e  rem a in in g  members o f  my d i s s e r t a t i o n  com m ittee  f o r  t h e i r  
u s e f u l  d i s c u s s io n s  and f r i e n d s h i p :  Dr. H. D. Braymer, Dr. A. D.. 
L a rso n ,  Dr. V. R. S r i n i v a s a n ,  Dr. R. M. Knaus, and Dr. E. S. 
Y ounathan .
I  am endeb ted  to  Mrs. D u rr iy a  S a r k a r ,  Dr. T. Whelan, and Dr.
R. K. N elson  f o r  t h e i r  h e lp  i n  th e  co m p le t io n  o f  s e v e r a l  e x p e r i ­
m en ts .  I  th an k  th e  f o l lo w in g  i n d i v i d u a l s  f o r  f i n a n c i a l  s u p p o r t  and 
c r i t i c a l  d i s c u s s io n s  o f  my r e s e a r c h :  Dr. J .  M. Coleman, Dr. L. E. 
G a r r i s o n ,  D r. D. B. P r i o r ,  Dr. R. S t o e s s e l l ,  D r. W. R. S t r o h l ,
Dr. W. E. B a lch ,  and Dr. J .  A. Romesser.
T h is  r e s e a r c h  was s u p p o r te d  by a g r a n t  from th e  U. S. Geo­




ACKNOWLEDGMENTS ................................................................................................................  i i
TABLE OF CONTENTS...............................................................................................................i l l
LIST OF FIGURES................................................................................................................ v i
LIST OF T A B L E S ................................................................................................................... i x
ABSTRACT ..............................................................................................................................  x
INTRODUCTION .....................................................................................................................  1
LITERATURE REVIEW ............................................................................................................ 2
D i s t r i b u t i o n  o f  Methane i n  A naerob ic  Sedim ents  ............................  2
Sedim ent I n s t a b i l i t y  and Methane D i s t r i b u t i o n
i n  th e  M i s s i s s i p p i  R iv e r  D e l t a ........................................................ * 1 2
S y n tro p h ic  I n t e r a c t i o n s  Between S u l f a te -R e d u -
c e r s  and M e t h a n o g e n s ...................................................................................17
M arine Methanogens and S u l f a t e -R e d u c e r s  ...............................................  24
' MATERIALS AND METHODS ..................................................................................................  26
D i s t r i b u t i o n  o f  Methanogens and S u l f a te -R e d u ­
c e r s ,  and I n t e r s t i t i a l  W ater C hem istry  in
Sedim ent Core S a m p l e s .................................................................................. 26
Study A r e a ..................................................................................................... 26
S a m p l i n g ..........................................................................................................26
B a c t e r i a l  Counts ....................................................................................  31
Gas C h ro m a to g ra p h y .................................................................................. 32
I n t e r s t i t i a l  W ater C hem istry  ........................................................  33
In V itro  U t i l i z a t i o n  o f  Methane P r e c u r s o r s
by D e l ta  S e d i m e n t s ............................................................................................33
Added S u b s t r a t e  U t i l i z a t i o n  ........................................................  33
M ethanogenes is  from Endogenous Methane
P r e c u r s o r s ........................................................................................... 34
M ethanogenes is  i n  t h e  P re s e n c e  o f
I n h i b i t o r s ............................................................................................35
iii
Page
M ethanogenes is  I n  t h e  P re s e n c e  o f  Added
S u l f i d e ,  S u l f a t e ,* a n d  NaCl .............................................................  35
E f f e c t  o f  T em pera tu re  on M ethanogenesis  ...................................... 36
M easurement o f  Changes i n  Redox P o ten ­
t i a l  (Eh) and pH D uring  M e t h a n o g e n e s i s ................................. 36
M ethanogenes is  from l ^ C - a c e t a t e  ........................................................  40
A ttem pts  to  I s o l a t e  D e l ta  Methanogens ........................................................  41
M ethanogenic  E nrichm ents  ........................................................................... 41
A ttem p ts  t o  I s o l a t e  Methanogens on S o l id  Media ........................ 46
I s o l a t i o n  and C h a r a c t e r i z a t i o n  o f  D e l ta  S u l f a t e -
R e d u c e r s ................................................................................................................ 47
S u l f a te -R e d u c e r  E nrichm ents  .................................................................  47
I s o l a t i o n  o f  S u l f a t e -R e d u c e r s   . 48
I d e n t i f i c a t i o n  o f  S u l f a t e -R e d u c e r  I s o l a t e s  . . . . . .  . . .  48
P h o to -  and E le c tro n -M ic ro sc o p y  o f  C e l l s  ...................................... 49
RESULTS..................................................................................................................................   . 49
Depth D i s t r i b u t i o n  o f  Methanogens and S u l f a t e -
R educers  ................................................................................................................ 49
I n t e r s t i t i a l  W ater C hem istry  o f  S i t e  1 (30 .0  m-
deep) S e d i m e n t s ............................................................................................. 34
In V i t r o  M ethanogenes is  from Added S u b s t r a t e s  ...................................... 57
I n h i b i t i o n  o f  M ethanogenes is  ........................................................................... 73
Optimum T em pera tu re  f o r  M ethanogenes is  ...................................................  84
Changes i n  pH and E^ D uring  M e t h a n o g e n e s i s .......................................... 98
M ethanogenes is  from ^ C - a c e t a t e ...................................................................... 98
P h y s i o l o g i c a l  C h a r a c t e r i z a t i o n  o f  D e s u l f o v i b r i o
and Desulfotomaculum  I s o l a t e s ................................................................. 103 ^
P h o to -  and E le c t ro n -M ic ro sc o p y  o f  S u l f a te -R e d u ­
c e r  I s o l a t e s .......................................................................................................HO




Ecology o f  Methanogens and S u l f a te -R e d u c e rs
i n  D e l ta  S e d i m e n t s ............................................................................................ *23
In V i t r o  U t i l i z a t i o n  o f  Methane P r e c u r s o r s  ............................................. ^3®
F a c to r s  A f f e c t in g  D e l ta  M ethanogenes is  .................................................... 135
I d e n t i f i c a t i o n  o f  D e l t a  Methanogens and
S u l f a te - R e d u c e r s  .............................................................................................. *3^
LITERATURE CITED ................................................................................................................
V IT A ................................................................................................................................................151
v
LIST OF FIGURES
F ig u r e  Page
1 . I d e a l i z e d  c r o s s - s e c t i o n  o f  an  o r g a n i c - r i c h ,  r e d u c in g  
m arin e  s e d im e n t ,  a d ap te d  from C laypoo l and K aplan (18) . . 10
2. E n e rg y - y ie ld in g  r e a c t i o n s  and s y n t r o p h ic  i n t e r r e l a ­
t i o n s  betw een s u l f a t e - r e d u c i n g  b a c t e r i a  and m ethano- 
g e n lc  b a c t e r i a  i n  a n o x ic ,  f r e s h w a te r  s e d im e n ts ,  from 
Cappenberg (12) . . . . . . . . . . . .  ............................  . . 2 1
3 . Map o f  th e  M i s s i s s i p p i  R iv e r  d e l t a  showing th e  s tu d y
a r e a  and sam p lin g  s i t e s ..............................................   28
4 . Diagram o f  th e  r e a c t i o n  v e s s e l s  used  to  m o n i to r  changes 
i n  red o x  p o t e n t i a l  (Eh) and pH d u r in g  m e th an o g en es is
by S i t e  1 , 0 .2  m -deep, n e a r - s u r f a c e  s e d i m e n t s ...........................38
5. Depth d i s t r i b u t i o n  p r o f i l e s  o f  m ethanogens , s u l f a t e -  
r e d u c e r s ,  d i s s o lv e d  m ethane , and d i s s o lv e d  s u l f a t e
i n  S i t e  1 d e l t a  s e d i m e n t s ..........................................................................51
6. S i t e  1 d e p th  p r o f i l e s  o f  d i s s o lv e d  i n o r g a n ic  c a rb o n ,  
d i s s o lv e d  o rg a n ic  c a rb o n ,  t o t a l  c a rb o n ,  pH, p e r c e n t
w a te r ,  and s a l i n i t y ........................................................................................59
7. In v i t r o  m eth an o g en es is  w i th  tim e  from th e  a d d i t i o n  
o f  100 ymol q u a n t i t i e s  o f  t r im e th y la m in e ,  d im e th y l -
am ine , m e th y lam in e ,  and m e t h a n o l ............................................................64
8 . In v i t r o  m e th an o g en es is  w i th  tim e  from th e  a d d i t i o n  
o f  100 ymol q u a n t i t i e s  o f  m e th a n e th io l ,  m e th io n in e ,  
and m e th y lh y d ra z in e ,  and from th e  a d d i t i o n  o f  0 .0 3
g / tu b e  c e l l u l o s e  ..............................................................................................  66
9 . In v i t r o  m eth a n o g en e s is  w i th  t im e  from th e  a d d i t i o n  
o f  100 ymol q u a n t i t i e s  o f  g lu c o s e ,  ca rb o n  m onoxide,
and c e l l o b i o s e ......................................................................................................68
10. In v i t r o  m eth a n o g en e s is  w i th  tim e  from th e  a d d i t i o n  
o f  100 ymol q u a n t i t i e s  o f  p y r u v a te ,  p r o p i o n a t e ,  and 
d i m e t h y l s u l f i d e  ..............................................................................................  70
11. In v i t r o  m eth a n o g en e s is  w i th  t im e  from th e  a d d i t i o n  
o f  100 ymol o f  c h o l in e * C l ,  and 0 .0 1 4  g / tu b e  quan­
t i t i e s  o f  p e c t i n  and p o l y p e c t a t e ................................   72
12. I n h i b i t o r y  e f f e c t  o f  c h lo ro fo rm  on in  v i t r o  m eth­
a n o g e n e s is  by S i t e  1 sed im en t  s a m p l e s ..............................................75
vi
Figure Page
13. E f f e c t  o f  B - f l u o r o a c e t a t e  on i n  v i t r o  m ethanogene-
s i s  by S i t e  1 s e d im e n t  s a m p l e s ..................................................................... 77
14. E f f e c t  o f  m e th an o g en es is  i n h i b i t o r s  w i th  t im e  on 
m ethane p ro d u c t io n  by S i t e  1 , 0 . 2  rn-deep, n e a r ­
s u r f a c e  sed im en t  s a m p l e s ................................................................................... 79
15. E f f e c t  o f  m e th a n o g en e s is  i n h i b i t o r s  and p o t e n t i a l l y  
i n h i b i t o r y  compounds w i th  t im e  on m ethane p ro d u c t io n
by S i t e  1 , 0 .2  m -deep , n e a r - s u r f a c e  sed im en t sam ples  . . . .  81
16. E f f e c t  o f  added s u l f i d e  on i n  v i t r o  m eth an o g en es is
by S i t e  1 , 0 .2  m -deep , n e a r - s u r f a c e  sed im e n ts  .............................  83
17. E f f e c t  o f  added s u l f a t e  on i n  v i t r o  m eth an o g en es is
by S i t e  1, 0 ,2  m -deep , n e a r - s u r f a c e  s e d i m e n t s .................................86
18. E f f e c t  o f  added NaCl on i n  v i t r o  m e th an o g en es is  by
S i t e  1, 0 .2  m -deep, n e a r - s u r f a c e  s e d i m e n t s ................................   . 88
19. E f f e c t  o f  added NaCl on i n  v i t r o  m eth an o g en es is  by 
S i t e  1, 0 .2  m -deep , n e a r  s u r f a c e  sed im en ts  i n  th e
p r e s e n c e  o f  CO2  + H2 ............................................................................................ 90
20. Optimum te m p e ra tu re  f o r  i n  v i t r o  m eth an o g en es is  i n  
u n a d u l t e r a t e d  S i t e  1 ,  0 .2  m -deep, n e a r - s u r f a c e
s e d i m e n t s .................................................................................................................93
21. Optimum te m p e ra tu re  f o r  i n  v i t r o  m eth an o g en es is  i n
S i t e  1 , 0 .2  m -deep , n e a r - s u r f a c e  sed im en t  s l u r r i e s  ................... 95
22. Optimum te m p e ra tu re  f o r  i n  v i t r o  m e th an o g en es is  i n
S i t e  1, 0 .2  m -deep, n e a r - s u r f a c e  sed im en t  s l u r r i e s
c o n ta i n in g  added CO2  +  H2 ........................................................................... 97
23. Measurement o f  changes i n  red o x  p o t e n t i a l  (E^) and 
pH d u r in g  i n  v i t r o  m e th an o g en es is  by S i t e  1, 0 .2  rn-
d e ep ,  n e a r - s u r f a c e  sed im en ts  ....................................................................... 100
24. R equirem ent o f  NaCl f o r  growth o f  r e p r e s e n t a t i v e  
D esu lfov ibrio ,  and Desulfotomaculum i s o l a t e s  .................................  109
25. Optimum growth te m p e r a tu r e  o f  r e p r e s e n t a t i v e
D esulfovibrio  and Desulfotomaculum i s o l a t e s  .................................  112
26 A. E l e c t r o n  m ic ro g rap h  o f  a  r e p r e s e n t a t i v e  Desulfo­
v ib r io  i s o l a t e .......................................................................................................... 114
26 B. Nomarski i n t e r f e r e n c e  p h o to m ic ro g rap h  o f  a r e p r e s e n ­
t a t i v e  96 h o ld  c u l t u r e  o f  a  D esu lfov ibrio  i s o l a t e  
grown i n  P o s t g a t e ' s  e n r ich m en t medium ( 4 9 ) .........................................114
vii
Figure Page
27 A. E l e c t r o n  m ic rog raph  o f  a  r e p r e s e n t a t i v e  Desulfo­
tomaculum i s o l a t e  .  .................................................................................116
27 B. Nomarski i n t e r f e r e n c e  pho to m ic ro g rap h  o f  a  r e p r e s e n ­
t a t i v e  96 h o ld  c u l t u r e  o f  a  Desulfotomaculum I s o l a t e  
grown i n  P o s t g a t e ' s  e n r ich m en t medium ( 4 9 ) .............................116
28 A. Phase  c o n t r a s t  p h o to m ic ro g rap h  o f  a r e p r e s e n t a t i v e
96 h o ld  c u l t u r e  o f  a  Desulfotomaculum i s o l a t e  grown 
i n  P o s t g a t e ’s e n r ic h m en t  medium ( 4 9 ) ............................................119
28 B. Nomarski i n t e r f e r e n c e  p h o tom ic rog raph  o f  a r e p r e s e n t a ­
t i v e  Desulfotomaculum i s o l a t e  grown i n  P o s t g a t e ' s  
e n r ich m en t medium ( 4 9 ) ............................................................................ 119
29. Phase  c o n t r a s t  p h o to m ic ro g rap h  o f  a r e p r e s e n t a t i v e  
m ethanogen ic  e n r ich m en t c u l t u r e  grown i n  MM medium . . .122
30. D iagram m atic  i l l u s t r a t i o n  o f  th e  sed im en ts  o f  th e  




1. Methanogen grow th m edia  u sed  f o r  b r o th  en r ic h m en ts  
and a t te m p te d  i s o l a t i o n  by e x t i n c t i o n  d i l u t i o n *
Hungate r o l l  tu b e s  ( 2 5 ) ,  and a n a e ro b ic  s t r e a k
p l a t e s  ( 2 1 ) ..................................................................................................... 43
2 . Methanogen grow th m edia  u sed  f o r  b r o th  e n r ich m en ts  
and a t te m p te d  i s o l a t i o n  by e x t i n c t i o n  d i l u t i o n ,
Hungate r o l l  tu b e s  ( 2 5 ) ,  and a n a e ro b ic  s t r e a k
p l a t e s  ( 2 1 ) ..................................................................................................... 44
3 . Methanogen growth m edia  used  f o r  b r o th  en r ich m en ts  
and a t te m p te d  i s o l a t i o n  by e x t i n c t i o n  d i l u t i o n ,
H ungate r o l l  tu b e s  (2 5 ) ,  and a n a e r o b ic  s t r e a k
p l a t e s  ( 2 1 ) .....................................................................................................45
4. Most p r o b a b le  number (MPN) e s t i m a te s  o f  m ethano­
gen and s u l f a t e - r e d u c e r  p o p u la t io n  d e n s i t i e s  in
d e l t a  s ed im en ts  from S i t e  2 and S i t e  3 ................................. 53
5. Most p ro b a b le  number (MPN) e s t i m a te s  o f  methano­
gen .and s u l f a t e - r e d u c e r  p o p u la t io n  d e n s i t i e s  i n  
d e l t a  s e d im e n ts  from S i t e  4 t h a t  w ere  c o l l e c t e d
i n  a  1 .5  m -long p l a s t i c  d rop  c o r e ............................................... 56
6 . In v i t r o  m eth an o g en es is  r e s u l t i n g  from th e  ad ­
d i t i o n  o f  100 pmol q u a n t i t i e s  o f  p o t e n t i a l  
m ethane p r e c u r s o r s  and p o t e n t i a l l y  s t im u l a t o r y  
c o m p o u n d s ....................................................................................................... 61
7. P r o d u c t io n  o f  ^CH$ from ^ C - l - a c e t a t e  and *^C-2- 
a c e t a t e  by m ethanogen ic  d e l t a  sam ples  ......................................  102
8 . P h y s i o l o g i c a l  c h a r a c t e r i s t i c s  o f  D esulfovibrio
i s o l a t e s  (75 s t r a i n s )  ...........................................................................  105
9. P h y s io l o g i c a l  c h a r a c t e r i s t i c s  o f  Desulfotomaculum 
i s o l a t e s  (5 s t r a i n s )  ...........................................................................  107
ix
ABSTRACT
The h i g h e s t  m ost p ro b a b le  numbers (MPNs) o f  methanogens (1 .1 8  
X 10^ c e l l s  p e r  100 g s e d im e n t ,  d ry  w e ig h t)  and s u l f a t e - r e d u c e r s  
(0 .3 1  X 10^ c e l l s  p e r  100 g s e d im e n t ,  d ry  w e ig h t)  i n  u n s t a b l e ,  g a s -  
r i c h ,  M i s s i s s i p p i  R iv e r  d e l t a  s ed im en ts  o c c u r re d  t o g e t h e r  i n  sam­
p l e s  ta k e n  0 .2  m below th e  s e d im e n t-w a te r  i n t e r f a c e .  The p re s e n c e  
o f  s u l f a t e - r e d u c e r s  was d i r e c t l y  r e l a t e d  to  d i s s o lv e d  s u l f a t e  i n  th e  
i n t e r s t i t i a l  w a te r .  D is s o lv e d  m ethane i n  th e  sed im en ts  was i n v e r s e l y  
r e l a t e d  t o  th e  p re s e n c e  o f  s u l f a t e - r e d u c i n g  b a c t e r i a .  Methanogens 
and s u l f a t e - r e d u c e r s  were  r e c o v e re d  from maximum d ep th s  o f  2 9 .3  and 
75 .0  m, r e s p e c t i v e l y .  Two h o r iz o n s  o f  d i s s o lv e d  s u l f a t e ,  w i th  peaks  
o f  s u l f a t e - r e d u c e r  MPNs, i n d i c a t e d  th e  p re s e n c e  o f  two s u l f a t e - r e d ­
u c in g  zones i n  S i t e  1 s e d im e n ts  a t  d e p th s  o f  0 - 2 ,  and 10-12 m below 
th e  s e d im e n t-w a te r  i n t e r f a c e .  The e x t e n s iv e  d ep th  d i s t r i b u t i o n s  o f  
m ethanogens and s u l f a t e - r e d u c e r s ,  p lu s  t h e  o c c u r re n c e  o f  two s u l f a t e -  
r e d u c in g  z o n es ,  were th e  r e s u l t  o f  sed im en t  m ix ing  d u r in g  u n d e rse a  
l a n d s l i d e s  t h a t  f r e q u e n t l y  o c c u r re d  i n  th e  d e l t a .  In v i t r o  methano­
g e n e s i s  was s t im u la t e d  to  a  h ig h  d e g re e  by th e  a d d i t i o n  o f  m e th y l-  
am ine , d im e th y la m in e ,  t r im e th y la m in e ,  m e th a n o l ,  and CO2  p lu s  H2  
( 4 8 .5 - 6 4 .7  mol% c o n v e r s io n ) ,  and to  a l e s s e r  d e g re e  by m e th a n e th io l ,  
m e th y lh y d ra z in e ,  c h o l i n e ,  and p e c t i n .  A lthough was produced
from ^ C - 2 - a c e t a t e ,  th e  a d d i t i o n  o f  u n la b e le d  a c e t a t e  had no e f f e c t  
on i n  v i t r o  m e th a n o g e n e s is .  M ethanogenes is  was s e n s i t i v e  to  2-bromo- 
e t h a n e s u l f o n a t e ,  c h lo ro fo rm ,  n i t r a t e ,  a i r ,  and fo rm aldehyde , b u t  n o t  
to  added 8 - f l u o r o a c e t a t e ,  s u l f i d e ,  o r  s u l f a t e .  The optimum tem pera ­
t u r e  f o r  m e th an o g en es is  i n  e n r ic h m en ts  and i n  u n a d u l t e r a t e d  sed im en ts
was 35-40°  Cfand 45° C, r e s p e c t i v e l y .  In v i t r o  m eth an o g en es is  i n  
0 . 2  m-deep sed im en ts  a t  20° C ( th e  in  s i t u  t e m p e ra tu re )  was 0 .2 4  nmol 
CH^/g s e d im e n t ,  d ry  w e ig h t /d a y .  A c t iv e ly  m ethanogen ic  b r o th  e n r i c h ­
ments c o n ta i n in g  m ethano l and m ethylam ine w ere dom inated  by i r r e g u l a r l y  
c o cc o id  c e l l s  t h a t  c l o s e l y  re sem bled  Methanococcus mazei i n  m orphology. 
S e v e n ty - f iv e  s t r a i n s  o f  d e s u l f o v i b r i o s  c l o s e l y  re s e m b l in g  D esulfovibrio  
sa le x ig e n s , and f i v e  s t r a i n s  o f  Desulfotomaculum s p .  were i s o l a t e d  
from 0 .2  m-deep d e l t a  s e d im e n ts .  The Desulfotomaculum i s o l a t e s  d id  
n o t  c l o s e l y  re sem b le  any d e s c r ib e d  s p e c i e s  and may c o n s t i t u t e  a new 
ta x o n .  The p r o d u c t io n  o f  m ethane from c h o l i n e ,  i n  a d d i t i o n  to  th e  
i s o l a t i o n  o f  d e s u l f o v i b r i o s  c a p a b le  o f  p ro d u c in g  t r im e th y la m in e  
from c h o l i n e ,  im p l i c a te d  t r im e th y la m in e  a s  a p o s s i b l e  m ethane p r e ­
c u r s o r  i n  th e  d e l t a  s e d im e n ts .
xi
INTRODUCTION
The f i n a l  p r o c e s s e s  o f  ca rb o n  m i n e r a l i z a t i o n  i n  a n a e ro b ic  
sed im en ts  a r e  c h i e f l y  governed  by two groups o f  s t r i c t l y  a n a e r o b ic  
m ic ro o rg a n ism s :  s u l f a t e - r e d u c e r s  and m ethanogens. The b io g e n e s i s  
o f  m ethane gas i s  th e  t e r m in a l  r e a c t i o n  o f  carbon  m i n e r a l i z a t i o n  
and o c c u rs  to  some d e g re e  i n  v i r t u a l l y  a l l  an o x ic  s e d im e n ts ,  bo th  
f r e s h w a te r  and m a r in e ,  a s  w e l l  as  i n  a  v a r i e t y  o f  o th e r  a n a e ro b ic  
en v iro n m en ts  such a s  th e  g a s t r o i n t e s t i n a l  t r a c t  o f  mammals, sewage 
s lu d g e  and w a s te  d i g e s t o r s ,  wetwood r o t  o f  c e r t a i n  t r e e s ,  and in  th e  
decom posing a l g a l - b a c t e r i a l  m ats o f  th e rm a l  s p r in g s  (8 0 ) .  The p ro ­
c e s s  i n  which m ethane i s  formed a s  a m e ta b o l ic  w a s te  p ro d u c t  i s  
d ependen t upon s t r i c t  a n a e ro b ic  c o n d i t i o n s ,  and on ly  o c c u rs  i f  th e  
red o x  p o t e n t i a l  o f  th e  s u r ro u n d in g  medium i s  p o is e d  a t  o r  below 
-150  to  -200  mV. A lthough th e  a c t u a l  fo rm a t io n  o f  m ethane i s  a c ­
com plished  by a u n ique  and m o rp h o lo g ic a l ly  d iv e r s e  group o f  chemo- 
a u t o t r o p h i c  and c h e m o h e te ro tro p h ic  b a c t e r i a ,  t h e  o v e r a l l  p ro c e s s  o f  
th e  d e g r a d a t io n  o f  o r g a n ic  m a t e r i a l  to  methane in v o lv e s  a wide v a r i e t y  
o f  b a c t e r i a .  The m ethanogens a r e  c a p a b le  on ly  o f  c o n v e r t in g  a l i m i t e d  
number o f  s m a l l  m o le c u la r  w e ig h t  compounds (CC^t fo rm a te ,  a c e t a t e ,  
m e th a n o l ,  N -m ethy lam ines, m e th a n e th io l ,  and d i m e th y l s u l f id e )  to  
m ethane , and a r e  o f t e n  d ep en d en t  upon h e t e r o t r o p h i c  an ae ro b es  and 
f a c u l t a t i v e  a n a e ro b e s  f o r  th e  d e g r a d a t io n  o f  l a r g e  m o le c u la r  w e ig h t  
b io p o ly m e rs ,  such  a s  c e l l u l o s e ,  w hich c o n t r i b u t e  to  th e  o rg a n ic  
n u t r i e n t  lo a d  i n  n a t u r a l  e n v iro n m e n ts .
Much o f  o u r  knowledge a b o u t  m ic r o b ia l  m e th an o g en es is  h a s  r e ­
s u l t e d  from th e  s t u d i e s  o f  th e  m ic ro b io lo g y  o f  th e  rumen, s lu d g e
d i g e s t i o n ,  and n u t r i e n t  c y c l i n g  i n  f r e s h w a te r  ( e s p e c i a l l y  Lake Men- 
d o ta )  s e d im e n ts .  Very l i t t l e  i s  known ab o u t m e th an o g en es is  i n  a 
m arine  s e d im e n t .  The b u lk  o f  o u r  knowledge c o n c e rn in g  m arin e  m ethane 
p ro d u c t io n  and d i s t r i b u t i o n  has  come from o c ea n o g ra p h ic  and sed im en t  
c h e m is t ry  s t u d i e s  o f  a few m arine  e n v iro n m e n ts .  Only r e c e n t l y  h a s  
some a t t e n t i o n  been g iv e n  to  th e  s tu d y  o f  m ethanogens and t h e i r  i n ­
vo lvem ent i n  th e  d i a g e n e t i c  p r o c e s s e s  t h a t  a r e  c h a r a c t e r i s t i c  o f  
m arine  s e d im e n ts .
The p u rp o se  o f  th e  p r e s e n t  s tu d y  was b a s i c a l l y  t h r e e - f o l d .
F i r s t ,  t h e  d i s t r i b u t i o n  o f  methanogens and s u l f a t e - r e d u c e r s  i n  a s e r i e s  
o f  c o re  sam ples  from M i s s i s s i p p i  R iv e r  d e l t a  s ed im e n ts  was compared 
to  c e r t a i n  p h y s i c a l  and ch em ica l  c h a r a c t e r i s t i c s  o f  th e  s e d im e n ts .  
Second, s t u d i e s  on th e  c o n v e r s io n  o f  known m ethane p r e c u r s o r s  to  
m ethane w ere u n d e r ta k e n  i n  o r d e r  t o  p r e d i c t  p o s s i b l e  i n  s i t u  sub ­
s t r a t e  u t i l i z a t i o n .  Changes i n  pH and redox  p o t e n t i a l ,  a s  w e l l  as 
th e  e f f e c t s  o f  c e r t a i n  i n h i b i t o r y  compounds on m e th a n o g e n e s is ,  were 
m easured  i n  sed im en t microcosm  e x p e r im e n ts .  T h i rd ,  a t t e m p ts  were  
made to  i s o l a t e  and p a r t i a l l y  c h a r a c t e r i z e  m ethanogens and s u l f a t e -  
r e d u c e r s  from th e  M i s s i s s i p p i  R iv e r  d e l t a  s ed im en ts  i n  o r d e r  to  b e t t e r  
u n d e rs ta n d  th e  p h y s io lo g y  o f  t h e  s t r i c t  an ae ro b e s  t h a t  dom inate  
a n a e ro b ic  carbon  c y c l in g  i n  t h i s  en v iro n m en t.
LITERATURE REVIEW 
D i s t r i b u t i o n  o f  Methane i n  A naerob ic  Sedim ents
The p re s e n c e  o f  m ethane  gas i n  a n a e ro b ic  sed im en ts  has  been 
known f o r  many y e a r s .  H u tch in so n  (26) r e p o r t e d  t h a t  as e a r l y  as  1830
D a lto n  found t h a t  m ethane , I n  a d d i t i o n  to  Nj and CC^, was a  m ajo r  
c o n s t i t u e n t  o f  g a se s  e v o lv ed  I n  an E n g l ish  l a k e .  The m ethane was 
r e s p o n s i b l e  f o r  th e  buoyancy o f  " f l o a t i n g  i s l a n d s "  i n  t h e  l a k e .
Koyama (33) u t i l i z e d  l a b e l e d  s u b s t r a t e s  to  fo l lo w  m e th an o g en es is  i n  
l a k e  s e d im e n ts  and paddy s o i l s ,  and found t h a t  m ethane was d e r iv e d  
m o s t ly  from a c e t a t e  and CO2  i n  t h e  s e d im e n t .  He a l s o  s t u d i e d  th e  
e f f e c t s  o f  h ig h  p r e s s u r e  and e l e v a t e d  s a l t  c o n c e n t r a t i o n s  ( to  s im u la te  
a  m arin e  env ironm en t)  on m e th an o g en es is  i n  a f r e s h w a te r  s e d im e n t .
These e x p e r im en ts  showed t h a t  h ig h  h y d r o s t a t i c  p r e s s u r e  (450 atm) had 
no m e asu ra b le  e f f e c t  on m e th a n o g en e s is .  However, h ig h  c o n c e n t r a t i o n s  
o f  s e a  s a l t  s e v e r e ly  i n h i b i t e d  m e th a n o g e n e s is .  Koyama (33) a l s p  
a t te m p te d  to  e s t i m a te  th e  t o t a l  w orldw ide  p ro d u c t io n  o f  m ethane from 
paddy s o i l s ,  l a k e s ,  f o r e s t  s o i l s ,  and o t h e r  s o u r c e s ,  b u t  n e g le c te d  
to  in c lu d e  m arin e  s o u rc e s  (p ro b ab ly  owing to  h i s  ex p e r im en ts  on 
m e th an o g en es is  i n h i b i t i o n  by s e a  s a l t s )  and p ro b a b ly  u n d e re s t im a te d  
th e  t o t a l  m ethane b u d g e t .
B e l l  (6) s t u d i e d  th e  e v o lu t io n  o f  v a r io u s  g a se s  from c lo se d  
f lo o d e d  s o i l  sy s tem s d u r in g  th e  d eco m p o s i t io n  o f  g lu c o s e ,  p e p to n e ,  
and c e l l u l o s e .  He found t h a t  p ro d u c t io n  o f  g a se s  from t h e s e  added 
s u b s t r a t e s  fo l lo w e d  a p r e d i c t a b l e  p a t t e r n  b a sed  upon th e  red o x  p o te n ­
t i a l  (E^) o f  th e  f lo o d e d  s o i l .  Soon a f t e r  f lo o d i n g ,  th e  E^ o f  th e  
sys tem  s t a b i l i z e d  a t  a p p ro x im a te ly  +200 mV, th e  p r o d u c t io n  o f  CO2  
and H2  was d e t e c t e d ,  and n i t r a t e  was r a p i d l y  d e p le t e d .  A f t e r  f u r ­
t h e r  i n c u b a t i o n ,  th e  E^ dropped and s t a b i l i z e d  a t  a p p ro x im a te ly  
-250  mV. At t h i s  low er E^, m ethane was th e  p redom inan t gaseous  end 
p r o d u c t .  Chen, e t  a l .  (17) r e p o r t e d  s i m i l a r  r e s u l t s  a f t e r  ad d in g
^NOg"* to  Lake Mendota s e d im e n ts .  They found t h a t  n i t r a t e  had  o n ly  
a  t r a n s i t o r y  e x i s t e n c e  i n  an o x ic  l a k e  s e d im e n t s , and t h a t  m ost o f  th e  
gas evo lved  i n  s i t u  was m ethane .
M acgregor and Keeney (36) s t u d i e d  i n  v i t r o  m e th an o g en es is  i n  
l a k e  sed im e n ts  and found t h a t  de novo  m e th an o g en es is  was g r e a t e r  i n  
s ed im en ts  from " h a r d w a te r” la k e s  th a n  from " s o f t w a t e r "  l a k e s .  They 
s p e c u la t e d  t h a t  t h i s  was due to  t h e  p r e s e n c e  o f  h ig h e r  l e v e l s  o f  
CaC0 3  i n  th e  h a rd w a te r  l a k e s .  They a l s o  n o te d  t h a t  th e  a d d i t i o n  o f  
n i t r a t e  and s u l f a t e  to  s ed im en ts  i n h i b i t e d  m e th a n o g e n e s is .  They 
s u g g e s te d  t h a t  t h e s e  a d d i t i o n s  would r a i s e  t h e  o f  th e  sed im en t 
to  a  more p o s i t i v e  v a lu e  th a n  i s  t o l e r a t e d  by m ethanogens , b u t  t h i s  
r e s p o n s e  co u ld  a l s o  be  due to  a d i v e r s i o n  o f  th e  e l e c t r o n  f low  to  
o t h e r  e l e c t r o n  a c c e p to r s  t h a t  a r e  more th e rm odynam ica lly  f a v o r a b l e  
th a n  CO2 .
The s t u d i e s  d i s c u s s e d  above s e r v e  to  i n d i c a t e . t h a t  m e th an o g en es is  
o c c u rs  i n  a v a r i e t y  o f  a n a e ro b ic  sed im en t s y s te m s ,  and i s  th e  l a s t  
o x i d a t i o n / r e d u c t i o n  r e a c t i o n  to  o c c u r ,  f o l lo w in g  th e  r e d u c t io n s  o f  
0 2 > n i t r a t e ,  and s u l f a t e .  They a l s o  showed th e  p o s s i b l e  in v o lv em en t 
o f  CO2  and a c e t a t e  as  m ethane p r e c u r s o r s .  I n  a d d i t i o n  t o  t h e s e  s tu d ie .s  
on f r e s h w a te r  m e th a n o g e n e s i s ,  o t h e r  w o rk e rs  i n v e s t i g a t e d  t h e  d i s t r i ­
b u t io n  o f  m ethane and o t h e r  g a se s  i n  m arine  sed im en ts  and w a te r  co lum ns. 
The fo l lo w in g  s t u d i e s  a r e  im p o r ta n t  i n  t h a t  th e y  a r e  i n d i c a t i v e  o f  
th e  w ide d i s t r i b u t i o n  o f  m ethanogen ic  a c t i v i t y  i n  m arin e  sy s te m s .
Lamontagne, e t  a l  . (34) m easured  th e  c o n c e n t r a t i o n  o f  m ethane i n  
t h e  w a te r  columns o f  s e v e r a l  m arin e  h a b i t a t s  w o rld w id e .  They found 
t h a t ,  i n  g e n e r a l ,  d i s s o lv e d  m ethane i n  t r o p i c a l  open ocean  a r e a s  was 
g r e a t e r  i n  s u r f a c e  w a te r s  th a n  a t  g r e a t  d e p th ,  b u t  was f o u r  o r d e r s
o f  m ag n itu d e  g r e a t e r  i n  d e e p ,  n a t u r a l l y  an o x ic  r e g io n s  such  a s  t h e  
C a r iac o  Trench ( o f f  t h e  c o a s t  o f  V e n e z u e la ) ,  t h e  B lack  Sea , and 
Lake N i t i n a t  (an  a n o x ic  f j o r d  i n  B r i t i s h  Columbia, C anada). The 
m ethane  l e v e l s  w ere  a l s o  h ig h  i n  c e r t a i n  s h a l lo w ,  n e a r s h o r e  and bay 
en v iro n m en ts  ( t h r e e  o r d e r s  o f  m agn itude  g r e a t e r  th a n  open w a t e r ) .
These l e v e l s  w ere  h i g h l y  d e p en d en t  upon te m p e ra tu re ,  l o c a l  p o l l u t i o n ,  
and t i d a l  m ix in g ,  and w ere  t h e r e f o r e ,  h ig h ly  v a r i a b l e .  Open ocean  
w a te r  was s l i g h t l y  s u p e r s a t u r a t e d  w i th  m ethane , w h i le  e s t u a r i n e  
sy s tem s  w ere  h ig h ly  s u p e r s a t u r a t e d .
The su rv e y  by Lamontagne, e t  a l .  (34) o f  d i s s o lv e d  m ethane i n  
v a r io u s  m arin e  system s d id  n o t  a d d re s s  th e  q u e s t i o n  o f  how o r  where 
th e  m ethane was p ro d u ced . With th e  e x c e p t io n  o f  ex tre m e ly  deep and 
an o x ic  w a te r s  (such  as  th e  C ar iaco  T re n c h ) ,  m ost ocean  w a te r s  rem ain  
o x id iz e d  th ro u g h o u t  t h e  w a te r  column, p ro b a b ly  due to  m ix ing  and th e  
d i f f u s i o n  o f  0^,  and h e n c e ,  a r e  n o t  l i k e l y  to  be  th e  a c t u a l  s o u rc e  
o f  m ethane  p r o d u c t io n .  S e v e r a l  groups have  fo c u s se d  t h e i r  a t t e n t i o n  
on th e  o c c u r re n c e  o f  d i s s o lv e d  methane i n  m arin e  s e d im e n ts ,  and a r e  
rev iew ed  be low .
-Reeburgh (53) m easured  summer and w i n t e r  d e p th  d i s t r i b u t i o n s  
o f  m ethane  and o t h e r  g a se s  i n  Chesapeake Bay s e d im e n ts .  Methane 
was n o t  d e t e c t e d  i n  t h e  o v e r ly in g  w a t e r ,  o r  i n  t h e  u p p e r  10-12 cm 
o f  sed im en t  c o re  s a m p le s ,  b u t  re a ch e d  l e v e l s  o f  up to  150 ml o f  m ethane 
p e r  l i t e r  o f  i n t e r s t i t i a l  w a te r  a t  a s ed im en t d e p th  o f  60 cm. Based 
upon t h e  s o l u b i l i t y  o f  m ethane  i n  s e a w a te r ,  Reeburgh (53) b e l i e v e d  
t h a t  t h e  c o n c e n t r a t i o n  o f  m ethane deep i n  t h e  sed im en t was a f u n c t io n  
o f  t h e  r a t e  o f  e b u l l i t i o n  o f  m ethane from th e  s e d im e n t .  He a t t r i b u t e d
t h e  low l e v e l  o f  m ethane i n  t h e  u p p e r  25 cm o f  sed im en t e i t h e r  to
o x i d a t i o n ,  o r  to  a  low r a t e  o f  p r o d u c t io n .
High l e v e l s  o f  d i s s o l v e d  m ethane have  b een  found i n  th e  o r g a n ic -  
r i c h  m a r in e  s ed im en ts  o f  Long I s l a n d  Sound by M artens and B ern er  (3 9 ) .  
They compared d i s s o lv e d  m ethane and s u l f a t e  i n  sed im en t c o re s  ta k e n
from w a te r  d ep th s  o f  1 .5 - 4 .0  m, and found t h a t  h ig h  m ethane concen­
t r a t i o n s  d id  n o t  o c cu r  u n l e s s  th e  l e v e l  o f  s u l f a t e  app roached  z e r o .  
They showed t h a t  de novo  m e th a n o g en e s is  i n  a l a r g e  s e a l e d  j a r  con­
t a i n i n g  Long I s l a n d  Sound s e d im e n t ,  o c c u r re d  on ly  a f t e r  a  t o t a l  
d e p l e t i o n  o f  added s u l f a t e  had o c c u r r e d .  A c l e a r  l i n e  o f  d e m arca t io n  
was shown i n  t h e  Long I s l a n d  Sound s e d im e n ts ,  w i th  s u l f a t e - r i c h  and 
low -m ethane sed im en t  occupy ing  th e  u p p e r  s t r a t a ,  and m e th a n e - r ic h ,  
s u l f a t e - d e p l e t e d  r e g io n s  be low . Based on th e s e  o b s e r v a t i o n s ,  M artens 
and B ern er  (39) re a so n e d  t h a t  m e th an o g en es is  and s u l f a t e - r e d u c t i o n  
a r e  m u tu a l ly  e x c lu s iv e  p r o c e s s e s  i n  a m arin e  en v iro n m en t.  Subse­
q u e n t ly ,  M artens  and B ern e r  (40) a g a in  examined s u l f a t e  and m ethane 
c o n c e n t r a t i o n s  w i th  d ep th  i n  c o re  sam ples  from Long I s l a n d  Sound.
They p o s t u l a t e d  t h a t  th e  low l e v e l s  o f  d i s s o lv e d  m ethane i n  th e  
u p p e r  s u l f a t e - r i c h  s t r a t a  w ere  a t t r i b u t a b l e  to  b o th  th e  d i f f u s i o n  o f  
m ethane upward from th e  lo w er s t r a t a ,  and to  th e  a n a e ro b ic  o x id a t io n  
o f  m ethane  by s u l f a t e - r e d u c i n g  b a c t e r i a .
To m easure  th e  i n  s i t u  r a t e  o f  m e th an o g en es is  i n  a  m arin e  s e d i ­
m en t,  Oremland (43) p la c e d  c y l i n d r i c a l ,  P l e x i g l a s  in c u b a t io n  chambers 
i n t o  a  s h a l lo w - w a te r  t r o p i c a l  m arin e  sed im en t i n  th e  F l o r i d a  Keys.
The chambers t h a t  b lo c k ed  s u n l i g h t  (h e n c e ,  s to p p ed  p h o to s y n th e s i s  
and O2  e v o lu t io n  i n s i d e  t h e  cham ber) showed th e  g r e a t e s t  m ethane 
p r o d u c t io n .  W hile th e  a d d i t i o n  o f  H2  p lu s  CO2  t o  l a b o r a t o r y  sed im en t
i n c u b a t io n s  s t i m u l a t e d  m e th an o g en es is  above endogenous l e v e l s ,  t h e  
a d d i t i o n  o f  a c e t a t e  and fo rm a te  d id  n o t .  Thus, m ethane p ro d u c t io n  i n  
t h i s  t r o p i c a l  sed im en t ( i )  was l i m i t e d  by p h o t o s y n th e t i c  0^ p ro d u c t io n  
i n  th e  upperm ost l a y e r  o f  s e d im e n t ;  ( i i )  was a p p a r e n t ly  n o t  l i m i t e d  
by th e  c o n c e n t r a t i o n  o f  e i t h e r  a c e t a t e  o r  fo rm a te  i n  th e  s e d im e n t ;  o r  
( i i i )  p ro ceed ed  v i a  a  d i f f e r e n t  pathway ( i . e . ,  by th e  o x i d a t i o n  o f  
and r e d u c t io n  o f  (X ^ ) • A h ig h  r a t e  o f  m e th an o g en es is  o c c u r re d  i n  
th e  u p p e r  5 cm o f  th e  " d a rk "  chamber. Oremland (43) r e c o n c i l e d  t h i s  
o b s e r v a t io n  w i th  p re v io u s  r e p o r t s  o f  d i s s o lv e d  s u l f a t e  i n h i b i t i o n  o f  
m e th an o g en es is  i n  th e  u p p e r  s t r a t a  by s u g g e s t in g  t h a t  s u l f a t e - r e d u c -  
t i o n  was r a p id  i n  t h i s  t r o p i c a l  s e d im e n t ,  becoming q u ic k ly  d e p le t e d  
w i t h i n  th e  chamber.
The works o f  M artens and B erner  (39 , 4 0 ) ,  Reeburgh (5 3 ) ,  and 
Oremland (43) show t h a t  th e  two m ost im p o r ta n t  a n a e ro b ic  r e s p i r i n g  
p o p u la t io n s  o f  b a c t e r i a ,  s u l f a t e - r e d u c e r s  and m ethanogens , a p p e a r  
to  e x i s t  i n  s t r a t i f i e d  l a y e r s  i n  s t a b l e ,  an o x ic  m arine  s e d im e n ts .
These a ssu m p tio n s  a r e  b a se d  n o t  on a c t u a l  c e l l  c o u n ts ,  b u t  a r e  de ­
duced from i n t e r s t i t i a l  w a te r  c h e m is t r y .  I n v a r i a b l y ,  t h e  sed im en ts  
n e a r e s t  th e  s e d im e n t- w a te r  i n t e r f a c e  c o n ta in e d  h ig h  c o n c e n t r a t i o n s  
o f  d i s s o lv e d  s u l f a t e  (a p p ro x im a te ly  10 mM) and low l e v e l s  o f  d i s ­
s o lv e d  m ethane (a p p ro x im a te ly  0 .1  mM). Below a d ep th  o f  a b o u t  20- 
25 cm, depend ing  upon th e  s o u rc e  o f  t h e  s e d im e n t ,  t h e  o r g a n ic  lo a d ,  
p o l l u t i o n ,  and t i d a l  m ix in g ,  s u l f a t e  was d e p le t e d  (below th e  l i m i t s  
o f  d e t e c t i o n )  and d i s s o lv e d  m ethane l e v e l s  w ere  much h i g h e r ,  a p p ro ach ­
in g  150 ml p e r  l i t e r  o f  i n t e r s t i t i a l  w a te r .  This  h a s  b een  i n t e r p r e t e d  
to  mean s u l f a t e - r e d u c t i o n  and m e th an o g en es is  a r e  m u tu a l ly  e x c l u s i v e ,
b u t  t h i s  e x p la n a t io n  may n o t  be  c o m p le te .  C laypoo l and K aplan  (18) 
p o i n t  o u t  t h a t  t h e r e  i s  an  e c o l o g i c a l  s u c c e s s io n  i n  o r g a n i c - r i c h  
m arin e  s e d im e n ts .  Three  d i s t i n c t  b io g e o ch e m ic a l  e n v iro n m e n ts ,  each 
p o s s e s s in g  a dom inant form  o f  r e s p i r a t o r y  m e tab o l ism , a r e  s e e n .  The 
th r e e  zones a r e :  ( i )  t h e  u p p e r ,  a e r o b ic  zone, where 0^ i s  th e  m a jo r  
t e r m in a l  e l e c t r o n  a c c e p to r  (TEA); ( i i )  t h e  a n a e ro b ic  s u l f a t e - r e d u c ­
in g  zone , w here  s u l f a t e  i s  t h e  m ajo r  TEA; and ( i i i )  th e  a n a e ro b ic  
m e th an e -p ro d u c in g  ( o r  c a r b o n a te - r e d u c in g )  zone, w here CO2  o r  HCO  ̂
i s  th e  m ajo r  TEA. Each zone i s  c h a r a c t e r i z e d  by a  dom inant r e s ­
p i r a t o r y  m e t a b o l i t e ,  and each  i s  a  s u c c e s s i v e l y  l e s s  e f f i c i e n t  
mode o f  r e s p i r a t i o n .  In  each  zone, th e  dom inant m ic r o b ia l  p o p u la t io n  
e x p l o i t s  i t s  env ironm ent and d e p le t e s  i t s  fa v o re d  TEA, b u t  a t  th e  
same tim e c r e a t e s  a new en v ironm en t t h a t  f a v o r s  th e  growth o f  th e  
dom inant m ic r o b ia l  p o p u la t i o n  b e n e a th  i t .  The t r a n s i t i o n  w ith  dep th  
from a e r o b ic  to  s u l f a t e - r e d u c i n g  to  m e th a n e -p ro d u c in g  sed im en t s t r a t a  
a r e  "geo ch em ica l  consequences  o f  s p e c ie s - in d u c e d  c h an g es ,  i . e . ,  th e  
d e p l e t i o n  and e x h a u s t io n  o f  t h e  r e q u i r e d  r e s p i r a t o r y  m e ta b o l i t e  and 
th e  g e n e r a t i o n  o f  new p r o d u c t s "  (1 8 ) .
C laypoo l and K aplan (18) p ro v id e  an  i d e a l i z e d  c r o s s - s e c t i o n  
o f  an o r g a n i c - r i c h ,  r e d u c in g  m arin e  s ed im en t  which i s  shown i n  F ig u re  
1, i n  a d a p te d  form . C laypoo l and K aplan  (18) a l s o  a d d re s s e d  th e  
q u e s t i o n  o f  why low l e v e l s  o f  m ethane a r e  found i n  th e  s u l f a t e - r e d u c ­
in g  zone. They s u g g e s te d  t h a t  l^ S  p roduced  i n  th e  s u l f a t e - r e d u c i n g  
zone may b e  t o x i c  to  m ethanogens , b u t  t h i s  e x p la n a t io n  i s  n o t  con­
s i s t e n t  w i th  th e  f a c t  t h a t  th e  l e v e l s  o f  f r e e  s u l f i d e  a r e  a c t u a l l y  
q u i t e  low i n  m arin e  s e d im e n ts ,  and t h a t  methanogens a r e  o b l i g a t e
F ig u re  1. I d e a l i z e d  c r o s s - s e c t i o n  o f  an o r g a n i c - r i c h ,  r e d u c in g ,  
m arine  s e d im e n t ,  a d ap ted  from C laypoo l and Kaplan (1 8 ) .  T h is  i l l u s ­
t r a t i o n  d e p i c t s  th e  v a r io u s  m e ta b o l ic  p r o c e s s e s  t h a t  o c cu r  i n  
m arin e  s e d im e n ts ,  and d i s t i n g u i s h e s  th e  zones dom inated by a e r o b ic  
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s u l f i d e  r e q u i r e r s .  C lay p o o l and K aplan (18) o f f e r e d  an  a l t e r n a t i v e  
e x p la n a t io n  t h a t  seems more p l a u s i b l e .  Both m ethanogens and s u l f a t e -  
r e d u c e r s  compete f o r  H2  i n  t h e  s e d im e n t .  Some s u l f a t e - r e d u c e r s  p o s ­
s e s s  a  h y d ro g e n a se  e l e c t r o n  t r a n s p o r t  sy s te m , and can  u t i l i z e  ^  as 
a  s o u rc e  o f  r e d u c in g  pow er, b u t  do n o t  r e q u i r e  i t .  M ethanogens, 
how ever, a r e  d ep en d en t upon i n t e r s p e c i e s  t r a n s f e r  and r e q u i r e  H2  
f o r  C( > 2  r e d u c t i o n .  T h e r e f o r e ,  b e c a u se  th e  o x i d a t io n  o f  H2  coup led  
to  t h e  r e d u c t i o n  o f  s u l f a t e  t o  s u l f i d e  i s  therm odynam ica lly  more 
f a v o r a b l e  th a n  c a r b o n a te  r e d u c t i o n ,  t h e  s u l f a t e - r e d u c e r s  a r e  a b l e  to  
o u t-c o m p e te  th e  m ethanogens i n  t h e  s u l f a t e - r e d u c i n g  zone. Only 
a f t e r  t h e  s u l f a t e  i s  d e p le t e d  and th e  s u l f a t e - r e d u c e r s  a r e  l i m i t e d  
by a  l a c k  o f  TEA m o le c u le s  a r e  t h e  m ethanogens a b l e  to  become dom inan t.
Methane t h a t  i s  found i n  a n o x ic  s ed im en ts  i s  n o t  a lw ays b i o l o g i ­
c a l l y  p ro d u c e d .  I t  can  b e  formed c h e m ic a l ly  v i a  g eo th e rm a l  r e a c t i o n s ,  
a s  r e p o r t e d  by Brooks ( 9 ) .  He found t h a t  th e  c o n c e n t r a t i o n  o f  methane 
i n  some r e g io n s  o f  t h e  C ar ib b ea n  Sea was t h r e e  o r d e r s  o f  m agn itude  
g r e a t e r  th a n  i t s  p r e d i c t e d  s o l u b i l i t y .  The d a t a  s u g g e s te d  t h a t  th e  
p a r t i c u l a t e  o r g a n ic  c o n te n t  o f  t h e  w a te r  column was i n s u f f i c i e n t  to  
a cc o u n t  f o r  m ethane p r o d u c t io n  v i a  b i o l o g i c a l  d e g r a d a t iv e  p r o c e s s e s , 
and t h a t  t h e  m ethane a r o s e  from e x te n s iv e  gas seep ag e  a lo n g  th e  
Jam aica  R idge .
Lake Kivu i s  a  r i f t  l a k e  l o c a t e d  i n  e a s t - c e n t r a l  A f r i c a ,  and 
i t  c o n t a i n s  l a r g e  q u a n t i t i e s  o f  d i s s o lv e d  CO2  and m ethane (2 0 ) .  I t  
i s  s i t u a t e d  i n  an  a r e a  o f  a c t i v e  v o lc a n ism ,  and i t  i s  b e l i e v e d  t h a t  
p a r t  o f  t h e  ev o lv ed  m ethane i n  t h e  w a te r  column i s  due to  v o l c a n i c  
v e n t in g  (2 0 ) .  D eu se r ,  e t  a l .  (20) have  shown, how ever, t h a t  m ost o f
t h e  ev o lv ed  m ethane i s  form ed from th e  r e d u c t io n  o f  a b io g e n ic  CC>2  
by m e thanogen ic  b a c t e r i a .  Both th e  and CC^ u t i l i z e d  i n  t h i s  
o x i d a t i o n / r e d u c t i o n  sy s te m  a r e  o f  v o l c a n i c  o r i g i n .
Sedim ent I n s t a b i l i t y  and Methane D i s t r i b u t i o n  
i n  t h e  M i s s i s s i p p i  R iv e r  D e l ta
A g r e a t  d e a l  o f  e f f o r t  h a s  b een  dev o ted  to  s tu d y in g  s t a b l e ,  
o r g a n i c - r i c h  s e d im e n t s ,  i . e . ,  th o s e  t h a t  rem ain  s t r a t i f i e d  a f t e r  
d e p o s i t i o n  and a r e  mixed o n ly  m in im a lly  by such  p h y s i c a l  p r o c e s s e s  as  
gas e b u l l i t i o n ,  t i d a l  i n f l u e n c e s ,  o r  th ro u g h  th e  movement o f  macro­
fa u n a  and m eio fauna  w i t h i n  t h e  s e d im en t  ( b i o t u r b a t i o n ) . A l a r g e  
group o f  r e s e a r c h e r s  h a s  r e c e n t l y  begun an  e x t e n s iv e  s tu d y  o f  th e  
g e o lo g y ,  h y d ro lo g y ,  and geomorphology o f  th e  M i s s i s s i p p i  R iv e r  d e l t a .  
P r i o r  and Coleman (51) u sed  s i d e - s c a n  s o n a r  im ag in g , combined w i th  
s e i s m ic  and f a th o m e te r  d a t a ,  to  r e v e a l  th e  p r e s e n c e  o f  v a r io u s  ty p e s  
o f  u n d e rw a te r  l a n d s l i d e s  i n  th e  d e l t a .  They su rv ey ed  sed im en t move­
ment on th e  u p p e r  d e l t a  f r o n t  on s lo p e s  o f  0 . 2 - 1 . 5  d e g re e s  i n  w a te r  
d e p th s  r a n g in g  from 5-100 m. F e a tu r e s  such  as  c o l l a p s e  d e p r e s s io n s ,  
mud s l i d e s ,  s lu m p s ,  m ud-flow  g u l l i e s ,  and o v e r la p p in g  mudflow lo b e s  
i n d i c a t e d  s e d im en t  movement r a t e s  o f  up to  1 .5  km p e r  y e a r .  The 
modern M i s s i s s i p p i  R iv e r  d e l t a  i s  t h e  y o u n g e s t  (formed w i t h i n  th e  
l a s t  600 y e a r s )  o f  th e  d e l t a  lo b e s  and i s  composed o f  t h r e e  main 
d i s t r i b u t a r y  c h a n n e ls  (5 1 ) .  The d e l t a i c  s e d im e n ta t io n  r a t e s  v a r y ,  
b e in g  g r e a t e s t  (o v e r  1 m e t e r / y e a r )  n e a r  th e  mouths o f  th e  d i s t r i ­
b u t a r i e s ,  and c o n s i s t s  l a r g e l y  o f  w a te r  and c o a r s e - g r a in e d  p a r t i c l e s .  
The i n t e r d i s t r i b u t a r y  bays  ( in c lu d in g  th e  s tu d y  a r e a  o f  th e  p r e s e n t
work) c o n ta i n  f i n e - g r a i n e d  c la y  s e d im e n ts ,  l a r g e  amounts o f  o rg a n ic  
m a t e r i a l ,  and e x h i b i t  s lo w e r  r a t e s  o f  d e p o s i t i o n  th a n  a t  t h e  d i s ­
t r i b u t a r y  m ouths . Some r e g io n s  i n  th e  i n t e r d i s t r i b u t a r y  bays  p o s s e s s  
s ed im en ts  composed o f  up to  15% m ethane (by v o lum e). A reas t h a t  a r e  
p a r t i c u l a r l y  h ig h  i n  m ethane  can  be  mapped s e i s m i c a l l y  due to  t h e i r  
p o o r  r e f l e c t i o n  o f  3 .5  kHz a c o u s t i c  s i g n a l s  (5 1 ) .  C o l la p se  d e p r e s s io n s  
a r e  p a r t i c u l a r l y  common i n  th e  i n t e r d i s t r i b u t a r y  b a y s ,  and p ro b a b ly  
r e s u l t  from v o lu m e t r ic  changes i n  th e  sed im en t a f t e r  m ass iv e  v e n t in g  
o f  methane gas and p o re  w a t e r ,  fo l lo w ed  by an im m edia te  s u r f a c e  
d e p r e s s io n  o f  1-3 m. The r e s u l t i n g  volume o f  i n s t a b i l i t y  i n  th e  s e a  
f l o o r  r e a c h e s  d ep th s  o f  5-15  m. O ther  sed im en t f a i l u r e s  found to  be 
common in  th e  i n t e r d i s t r i b u t a r y  bays  a r e  b o t t l e n e c k  s l i d e s  and e lo n ­
g a t e  r e t r o g r e s s i v e  s l i d e s  (5 1 ) .  B o t t l e n e c k  s l i d e s  re sem b le  c o l l a p s e  
d e p r e s s io n s  e x c e p t  t h a t  th e  downslope end i s  l e f t  open , a l lo w in g  
d i s c h a r g e  o f  th e  d e b r i s  o v e r  th e  s u r ro u n d in g  i n t a c t  s l o p e .  The 
b o t t l e n e c k  s l i d e s  ran g e  i n  l e n g th  from 150-600 m and a r e  caused  by 
methane, g a s - in d u c e d  sed im en t i n s t a b i l i t y .  The h ig h  m ethane gas and 
p o re  w a te r  p r e s s u r e  cau se s  a sudden  f a i l u r e  o f  t h e  s e d im e n t ,  l e a d in g  
to  a s p re a d in g  f a i l u r e  which cau se s  th e  low s t r e n g t h  sed im en t  to  t a k e  
on th e  c o n s i s t e n c y  o f  a l i q u i d .  The sed im en t th e n  f low s o u t  o f  th e  
c a v i t y .  The r e t r o g r e s s i v e  s l i p p a g e  c o n t in u e s  u n t i l  a s t a b l e  s c a r p  
i s  a t t a i n e d  (5 1 ) .  E lo n g a te  r e t r o g r e s s i v e  s l i d e s  a r e  u s u a l l y  lo n g ,  
s in u o u s  c h an n e ls  t h a t  t y p i c a l l y  form on 0 .1  d e g re e  s l o p e s ,  and 
m easure  500-1500 m lo n g .  They a r e  formed i n  a manner s i m i l a r  to  
b o t t l e n e c k  s l i d e s ,  b u t  a l s o  in v o lv e  th e  developm ent o f  c h u te s  t h a t  
t r a n s p o r t  l a r g e  q u a n t i t i e s  o f  d e b r i s  dow nslope.
R ecent advances  i n  d i g i t a l l y  a c q u i r e d ,  u n d i s t o r t e d  s i d e - s c a n  
s o n a r  images o f  th e  d e l t a  s l o p e  have  en ab led  P r i o r ,  e t  a l .  (52) to  
a c c u r a t e l y  map o u t  s ed im en t movements, y i e l d i n g  t h e  f i r s t  m osa ics  o f  
t h e  d e l t a .  P re v io u s  s i d e - s c a n  s o n a r  work had  p ro v id e d  u s e f u l  i n f o r ­
m a tio n  a b o u t  bo ttom  m orphology and f e a t u r e  d i s t r i b u t i o n ,  b u t  th e  
images s u f f e r e d  from two i n h e r e n t  s c a l e  d i s t o r t i o n s : ( i )  l a t e r a l  
d i s t o r t i o n ;  and ( i i )  c o m p re ss io n a l  d i s t o r t i o n  caused  by v a r i a t i o n  in  
s h ip  s p e e d .  New images w i th  t h e  improved sys tem  w i l l  a l lo w  r e ­
mapping o f  th e  d e l t a  s lo p e s  w i th  a c c u r a t e  a n a l y s i s  o f  tem p o ra l  changes 
i n  t h e  s e d im e n ts .
In  a d d i t i o n  to  th e  a c c u r a t e  mapping and c l a s s i f i c a t i o n  o f  
u n d e rw a te r  s ed im en ts  i n  th e  d e l t a  by P r i o r  and h i s  co -w o rk e rs  (51 , 5 2 ) ,  
Whelan (69) s t u d ie d  th e  i n t e r s t i t i a l  w a te r  c h e m is t ry  o f  so u th  L o u is ia n a  
c o a s t a l  marsh s e d im e n ts .  He found h ig h e r  m ethane c o n c e n t r a t i o n s  i n  
n o r t h e r n ,  low s a l i n i t y  sed im e n ts  th an  i n  th o s e  o f  th e  open marsh in  
th e  s o u th .  A s i g n i f i c a n t  f r a c t i o n  o f  th e  m ethane i n  th e  sed im en ts  
e x i s t s  a s  gas b u b b le s  t ra p p e d  w i t h i n  th e  s e d im e n t .  I n  g e n e r a l ,  w here 
s u l f a t e - r e d u c i n g  a c t i v i t y  was g r e a t e s t ,  o r  w here th e  c o n c e n t r a t i o n  o f  
d i s s o lv e d  s u l f a t e  was lo w e s t ,  th e  l e v e l  o f  d i s s o lv e d  m ethane was 
s i g n i f i c a n t l y  h i g h e r .  Due to  th e  r e l a t i v e l y  sh a l lo w  w a te r  column 
o v e r  t h e s e  sed im en ts  (low h y d r o s t a t i c  p r e s s u r e ) ,  and th e  h ig h  d eg ree  
o f  s ed im en t u n c o n s o l i d a t i o n ,  m ethane escap ed  f r e e l y  from th e s e  
sed im en ts  (6 9 ) .
E xam ina tion  o f  th e  g eo ch em is try  o f  d e l t a  sed im en ts  by Whelan, 
e t  a l .  (70) showed t h a t  h ig h  c o n c e n t r a t i o n s  o f  m ethane c o rre sp o n d ed  
to  zones o f  low sed im en t s h e a r  s t r e n g t h ,  and were found to  e x i s t  i n  
zones o f  d e p le t e d  s u l f a t e .  They re c o v e re d  c o re  sam ples from as  deep
as  70 m below th e  s e d im e n t-w a te r  I n t e r f a c e  and w ere  a b l e  to  demon­
s t r a t e  c l a s s i c a l  a n a e r o b ic  geochem ica l g r a d i e n t s  i n  u n d is tu rb ed  (un­
mixed) s e d im e n ts .  However, th ey  a l s o  o b se rv ed  c o re  sam ples  t h a t  
showed th e  c o e x i s t e n c e  o f  r e l a t i v e l y  h ig h  m ethane and s u l f a t e  l e v e l s .  
T h is  s u g g e s te d  t h a t  th e  p r o c e s s e s  r e g u l a t i n g  s u l f a t e  and c a r b o n a te  
r e d u c t i o n  i n  t h e s e  sed im e n ts  w ere  c o m p lic a te d  by c o n v e c t iv e  m ix ing  
o f  bo ttom  s e a w a te r  and s e d im e n ta ry  m a t e r i a l ,  and was a s s o c i a t e d  w ith  
s ed im en t movement (7 0 ) .  An i n f l u x  o f  s u l f a t e  (from th e  o v e r ly in g  
s u l f a t e - r i c h  s e a w a te r )  m ost l i k e l y  caused  m e th an o g en es is  to  c ea se  
te m p o r a r i ly  u n t i l  th e  s u l f a t e  was d im in ish e d  to  0 .1 3 - 0 .1 7  ° / o o . ‘ The 
p o re  w a te r  c h e m is t ry  from th e  d e l t a  sed im en ts  i n d i c a t e d  t h a t  th e  
a e r o b ic  zone was n e g l i g i b l e  i n  s i z e ,  and t h a t  s u l f a t e  was r a p id ly  
red u ced  w i th  d e p th .  The m e th a n e -p ro d u c in g  zone, b e n e a th ,  was e x te n ­
s i v e .  A model was s u g g e s te d  to  d e s c r i b e  how th e  p h y s i c a l  and geo­
c h em ica l  p r o p e r t i e s  o f  th e  d e l t a  s ed im en t r e l a t e d  to  s ed im en t move­
m ent, as  f o l lo w s .  Rapid s e d im e n ta t io n  o f  f i n e - g r a i n e d ,  o r g a n ic -  
r i c h  m a t e r i a l  fo l lo w ed  th e  c l a s s i c a l  s u c c e s s io n  o f  a n a e ro b ic  r e s p i r a ­
t i o n  g r a d i e n t s : s u l f a t e - r e d u c t i o n  was dom inant i n  th e  u p p e r  zone 
w here no m ethane was p ro d u c e d .  C arbona te  r e d u c t io n  o c c u r re d  below 
t h i s  z o n e ,  w i th  th e  c o n c e n t r a t i o n  o f  m ethane i n c r e a s i n g  to  th e  p o in t  
o f  b u b b le  fo r m a t io n .  The r e s u l t a n t  d rop  i n  sed im en t s h e a r  s t r e n g t h  
caused  th e  fo rm a t io n  o f  a  f a i l u r e  zone deep i n  th e  s e d im e n t s . With 
bo ttom  p r e s s u r e  f l u c t u a t i o n s  due to  w ave-induced  s t r e s s  d u r in g  s to rm s ,  
m ethane b u b b le s  m ig ra te d  upward, th u s  conveying  low ered  s h e a r  s t r e n g t h  
i n  t h e  u p p e r  l a y e r s  o f  s e d im e n t .  This  was fo l lo w ed  by th e  e v e n tu a l  
f a i l u r e  o f  th e  sed im en t and movement downslope (7 0 ) .
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The s t u d i e s  rev iew ed  th u s  f a r  g e n e r a l l y  a g re e d  t h a t  th e  d im in ish e d  
l e v e l s  o f  m ethane o b se rv ed  i n  th e  s u l f a t e - r e d u c i n g  zone was a  r e s u l t  
o f  t h e  thermodynamic f a v o r a b i l i t y  o f  t h e  e l e c t r o n  flow  from H2 to  
s u l f a t e  r a t h e r  th a n  to  C02 . A growing body o f  new e v id e n c e  began 
to  a cc u m u la te  t h a t  p o s t u l a t e d  t h a t  t h e  a p p a r e n t  m u tua l e x c lu s io n  o f  
m e th a n o g en e s is  and s u l f d t e - r e d u c t i o n  was th e  r e s u l t  o f  a n a e ro b ic  
o x id a t io n  o f  m ethane to  CC>2 by s u l f a t e - r e d u c i n g  b a c t e r i a .  The f i r s t  
i n d i c a t i o n  o f  t h i s  p o s s i b i l i t y  was r e p o r t e d  by Davis and Yarbrough 
( 1 9 ) ,  who showed t h a t  t h e  s u l f a t e - r e d u c i n g  b a c te r iu m ,  D esu lfovibrio  
d esu lfu r ica n s , was c a p a b le  o f  a s low  o x id a t io n  o f  m ethane i n  th e  p r e ­
s e n c e  o f  l a c t a t e  a s  th e  m a jo r  ca rb o n  s o u r c e .  B arnes and G oldberg  (5) 
m easured  m ethane i n  c o r e  sam ples  ta k e n  from th e  S a n ta  B arb ara  B as in  
i n  590 m o f  w a te r  and s u g g e s te d  t h a t  m ethane d i f f u s e d  upward i n t o  
t h e  s u l f a t e - r e d u c i n g  zone and was m e ta b o l iz e d  by s u l f a t e - r e d u c e r s  
(most p r o b a b ly ,  D esu lfovibrio )  i n  th e  s u l f a t e - r e d u c i n g  zone. T h e ir  
a rgum ent i s  s u p p o r te d  by th e  the rm odynam ica lly  f a v o r a b le  r e a c t i o n  
f o r  th e  o x i d a t io n  o f  m e thane , shown be low :
CHa +  S0A2 -  +  2H+ +  H2S + C02 +  2H20 
S ta n d a rd  F re e  E n e rg y , AG° «* - 2 2 .8  k c a l /m o l  S0^2_
They a l s o  i n d i c a t e d  t h a t  t h e  actu a l f r e e  e n e rg y ,  t a k in g  i n t o  acc o u n t
th e  in  s i tu  c o n c e n t r a t i o n s  o f  th e  v a r io u s  d i s s o lv e d  s p e c i e s ,  was 
o_
- 3  k c a l /m o l  SÔ . , and i s  s t i l l  e n e r g e t i c a l l y  f e a s i b l e .  Barnes and 
G oldberg  (5) concluded  t h a t  t h e  p r im ary  s in k  f o r  m ethane g e n e ra te d  
i n  a n o x ic  m arin e  sed im e n ts  i s  s u l f a t e - r e d u c t i o n ,  and n o t  a e r o b ic  
o x i d a t i o n  by m e th y lo t r o p h s .
In  a  s i m i l a r  s t u d y ,  Reeburgh (54) m easured  m ethane and t o t a l  
c a r b o n a te s  i n  t h e  w a te r  column and s ed im en ts  o f  th e  C a r iac o  T ren ch .
The w a te r  a t  a  dep th  o f  300 m c o n ta in e d  s u l f i d e  and was a n o x ic ,  t h e r e ­
f o r e ,  no a e r o b ic  zone e x i s t e d  i n  t h e  upper  s ed im en t l a y e r .  The s o u r c e  
o f  d i s s o lv e d  m ethane i n  t h e  w a te r  column was th e  s e d im e n ts ,  and th e  
o x i d a t i o n  o f  m ethane i n  th e  w a te r  column co u ld  n o t  a cc o u n t  f o r  th e  
t o t a l  m ethane tu r n o v e r .  Reeburgh (54) c a l c u l a t e d  th e  m ethane f l u x  
to  t h e  s u l f a t e - r e d u c i n g ,  m ethane-consum ing  zone i n  t h e  sed im en t to  be
- 2  - ii n  th e  ra n g e  o f  5-15 ymol cm y r  , and c o rre sp o n d e d  to  m ethane 
consum ption  r a t e s  o f  0 . 5 - 1 . 5  mmol l - * y r - *, o r  a b o u t  10^ t im es  
g r e a t e r  th a n  th e  r a t e  o f  o x i d a t i o n  i n  th e  w a te r  column. S u l f a t e -  
r e d u c e r s  w ere  p ro b a b ly  r e s p o n s i b l e  f o r  th e  co -m e tab o l ism  o f  m ethane 
w h i le  u t i l i z i n g  l a c t a t e  a s  t h e  m ajo r  carbon  and e l e c t r o n  s o u r c e .  In  
a  fo l lo w -u p  s tu d y  to  t h a t  o f  Reeburgh (5 4 ) ,  Reeburgh and Heggie (55) 
com piled  th e  d a ta  from numerous s t u d i e s  t h a t  r e p o r t e d  th e  m ethane 
d i s t r i b u t i o n s  i n  f r e s h w a te r  and m arin e  e n v iro n m e n ts .  They o f f e r e d  
sc h e m a t ic  summaries o f  d e p th  p r o f i l e s  o f  d i s s o lv e d  m ethane i n  t h e s e  
e n v iro n m en ts  and s u g g e s te d  t h a t  th e  ab se n c e  o f  a g r a d i e n t - f r e e ,  low- 
m e th an e , s u r f a c e  zone i n  f r e s h w a te r  sy s tem s  (which i s  t y p i c a l  o f  . 
m a r in e  s e d im e n ts )  was due t o  a  10 - f o l d  g r e a t e r  s u l f a t e  c o n c e n t r a t i o n  
i n  m arin e  s e d im e n ts ,  h e n c e ,  a much more a c t i v e  s u l f a t e - r e d u c i n g  zone 
and a g r e a t e r  p r o p e n s i ty  f o r  consuming m ethane.
S y n t ro p h ic  I n t e r a c t i o n s  Between 
S u l f a t e - R e d u c e r s  and Methanogens
In  a  s e r i e s  o f  i n v e s t i g a t i o n s  by Cappenberg (11 , 12, 13) and
Cappenberg and P r in s  (1 5 ) ,  t h e  f i r s t  r e a l  e v id e n c e  o f  a s y n t r o p h ic  
r e l a t i o n s h i p  betw een  s u l f a t e - r e d u c e r s  and m ethanogens was r e v e a l e d .  
Cappenberg (11) f i r s t  s t u d i e d  th e  s t r a t i f i e d  p o p u la t io n s  o f  s u l f a t e -  
r e d u c e r s  and methanogens i n  t h e  f r e s h w a te r  s ed im en ts  o f  Lake V ech ten , 
t h e  N e th e r l a n d s .  Most p r o b a b le  number (MPN) co u n ts  o f  b o th  ty p e s  
o f  b a c t e r i a  showed t h a t  t h e  s u l f a t e - r e d u c e r s  were most abundan t a t  
d e p th s  o f  0 -2  cm below th e  s e d im e n t- w a te r  i n t e r f a c e ,  w h i le  th e  m axi­
mum c o u n ts  o f  m ethanogens o c c u r r e d  3-6  cm below th e  s u r f a c e  o f  th e  
se d im e n t .  The c o n c e n t r a t i o n  o f  s u l f i d e  was a p p ro x im a te ly  1000 t im es  
g r e a t e r  i n  th e  s u l f a t e - r e d u c i n g  zone , w hich su g g e s te d  t h a t  th e  low er 
MPNs o f  m ethanogens i n  th e  s u l f a t e - r e d u c i n g  zone may have  been  due 
to  th e  s e n s i t i v i t y  o f  m ethanogens to  h ig h e r  l e v e l s  o f  I ^ S .  In  con­
t r a s t  tc» m arin e  s y s te m s ,  t h e  c o n c e n t r a t i o n  o f  s u l f a t e  i n  th e  Lake 
V ech ten  sed im en t was th e  l i m i t i n g  f a c t o r  f o r  th e  growth o f  s u l f a t e -  
r e d u c e r s .  C a rb o n a te -  and fo r m a te - r e d u c in g  methanogens were most 
ab u n d an t a t  a dep th  o f  3 cm, w h i le  a c e t a t e -  and m e th a n o l - fe rm e n t in g  
m ethanogens w ere found d e e p e r ,  a t  5 cm. A d d i t io n a l  s u b s t r a t e -  
u t i l i z a t i o n  s t u d i e s  showed t h a t  m e th an o g en es is  was most s t im u la t e d  
in- th e  la k e  sed im en t  by th e  a d d i t i o n  o f  a c e t a t e  and l a c t a t e ,  and 
to  a l e s s e r  d eg ree  by fo rm a te .  Added s u l f a t e  s e v e r e ly  d im in ish e d  
m e th a n o g e n e s i s .
Cappenberg (12) p u rsu ed  f u r t h e r  i n v e s t i g a t i o n s  o f  Lake V echten 
s e d im e n ts  w i th  th e  u se  o f  i n h i b i t i o n  s t u d i e s  em ploying 3 - f l u o r o a c e t a t e ,  
f l u o r o l a c t a t e ,  and CCl^. A l l  t h r e e  compounds a r e  an a lo g u e s  o f  su b ­
s t r a t e s  u t i l i z e d  e i t h e r  by m ethanogens o r  s u l f a t e - r e d u c e r s .  I n h i b i t i o n  
o f  m e th an o g en es is  by th e  a d d i t i o n  o f  CCl^ caused  an a c c u m u la t io n  o f
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a c e t a t e  i n  t h e  s e d im e n t .  The a d d i t i o n  o f  g - f l u o r o a c e t a t e  red u ced  
m e th an o g en es is  by 75%, i n d i c a t i n g  t h a t  a c e t a t e  was th e  m a jo r  m ethane  
p r e c u r s o r  i n  th e  s e d im e n t .  When f l u o r o l a c t a t e  was added , s u l f a t e -  
r e d u c t io n  was t o t a l l y  I n h i b i t e d  and no gas accu m u la te d ,  i n d i c a t i n g  
t h a t  l a c t a t e  was th e  m a jo r  energy  s o u rc e  f o r  s u l f a t e - r e d u c e r s ,  and t h a t  
H2  was p ro b a b ly  n o t  a m a jo r  e l e c t r o n  d o n o r .  I t  a l s o  i n d i c a t e d  t h a t  
a n a e ro b ic  m ethane o x i d a t i o n  d id  n o t  p la y  an im p o r ta n t  r o l e  i n  s u l -  
f a t e - r e d u c t i o n ,  a l th o u g h  t h i s  may be im p o r ta n t  i n  m arin e  sys tem s  (1 2 ) .
The r e s u l t s  o f  C appenberg’s s t u d i e s  (11 , 12) gave a c l e a r  i n ­
d i c a t i o n  o f  th e  p o s s i b i l i t y  o f  a  s y n t r o p h ic  r e l a t i o n s h i p  betw een 
s u l f a t e - r e d u c e r s  and m ethanogens i n  Lake V echten  s e d im e n ts .  S u l f a t e  
i s  reduced  to  s u l f i d e  by t h e  o x i d a t i o n  o f  l a c t a t e ,  y i e l d i n g  a c e t a t e  
as  a m e ta b o l ic  w a s te  p r o d u c t .  Methanogens f l o u r i s h  i n  th e  h ig h i^  
red u ced  sed im en t p ro v id e d  by th e  l ^ S ,  and u t i l i z e  a c e t a t e  a s  a 
m a jo r  m ethane p r e c u r s o r .  A scheme was d e v ise d  to  i l l u s t r a t e  some 
e n e r g y - y i e ld in g  r e a c t i o n s  c f  s u l f a t e - r e d u c e r s  and m ethanogens , based  
on th e  e c o l o g i c a l  and i n h i b i t i o n  s t u d i e s  (11 , 12) and i s  shown in  
F ig u re  2 i n  a d ap ted  form .
The l o g i c a l  e x te n s io n  o f  t h e  i n h i b i t i o n  e x p e r im en ts  o f  Cap­
penberg  (12) would be to  u s e  r a d i o l a b e l e d  compounds t o  u n e q u iv o c a l ly  
d e m o n s t ra te  sy n tro p h y  be tw een  s u l f a t e - r e d u c e r s  and m ethanogens . By 
u s in g  ^ C - U - a c e t a t e  and ^ C - U - l a c t a t e ,  Cappenberg and P r in s  (15) 
showed t h a t  a p p ro x im a te ly  70% o f  t h e  m ethane i n  Lake V ech ten  sed im en ts  
was d e r iv e d  from a c e t a t e  ( d a ta  w hich were c o n s i s t e n t  w i th  e a r l i e r  
o b s e r v a t i o n s ) ,  and t h a t  a s y n t r o p h ic  r e l a t i o n s h i p  was e v id e n t  be tw een  
th e  two g roups  o f  b a c t e r i a .  was formed from ^ C - U - l a c t a t e ,
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F ig u re  2. E n e rg y -y ie ld in g  r e a c t i o n s  and s y n t r o p h ic  i n t e r r e l a t i o n s  
betw een s u l f a t e - r e d u c i n g  b a c t e r i a  and m ethanogenic  b a c t e r i a  i n  a n o x ic ,  
f r e s h w a te r  s e d im e n ts ,  from Cappenberg (1 2 ) .  This  f i g u r e  i l l u s t r a t e s  
th e  s t r a t i f i e d  p o p u la t io n s  o f  s u l f a t e - r e d u c e r s  and m ethanogens seen  
in  Lake V ech ten , and th e  v a r io u s  r e a c t i o n s  t h a t  o ccu r  as a r e s u l t  
o f  th e  dom inant ty p es  o f  a n a e ro b ic  r e s p i r a t i o n  t h a t  a r e  c h a r a c t e r i s t i c  
o f  f r e s h w a te r  s e d im e n ts .
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C02+4Hf~CH4 + 2H2 0
acetate CH4 + C02
a s u b s t r a t e  w hich c an n o t  b e  u t i l i z e d  by p u re  c u l t u r e s  o f  m ethanogens .
F u r th e r  p ro o f  o f  th e  I n t e r r e l a t i o n s h i p  betw een s u l f a t e - r e d u c e r s  
and m ethanogens was shown by Cappenberg (14) w i th  t h e  u se  o f  l a c t a t e -  
l i m i t e d ,  mixed c o n t in u o u s  c u l t u r e  o f  D esu lfovibrio  desu lfurican s  and 
Methanobacterium s p .  i s o l a t e d  from Lake V ech ten . The d e c r e a s e  i n  th e  
a c e t a t e  c o n c e n t r a t i o n  i n  th e  second  grow th v e s s e l  c o rre sp o n d e d  t o  a 
s t o i c h i o m e t r i c  i n c r e a s e  i n  m ethane  p r o d u c t io n .  The m ethanogen was 
e x tre m e ly  s e n s i t i v e  to  s u l f i d e  p roduced  by th e  s u l f a t e - r e d u c e r s ,  
th u s  making i t  n e c e s s a ry  to  keep th e  l a c t a t e  c o n c e n t r a t i o n  v e ry  low 
i n  o r d e r  to  p r e v e n t  w ash ing  o u t  o f  th e  m ethanogen.
The s e r i e s  o f  s t u d i e s  by Cappenberg (11 , 12, 13) and Cappenberg 
and P r in s  (15) l e a v e  l i t t l e  doub t t h a t  a  s y n t r o p h ic  r e l a t i o n s h i p  e x i s t s  
be tw een l a c t a t e - o x i d i z i n g  s u l f a t e - r e d u c e r s  and a c e t i c l a s t i c  methanogens 
i n  f r e s h w a te r  s e d im e n ts .  T here  i s ,  how ever, l i t t l e  e v id en c e  o f  t h i s  
r e l a t i o n s h i p  i n  m arin e  s e d im e n ts .  W arfo rd , e t  a l .  (66) g iv e  ev id en c e  
t h a t  th e  m a jo r  m ethane p r e c u r s o r  i n  th e  m arin e  sed im en ts  o f  t h e  S an ta  
B arb ara  B as in  i s  CC^, and t h a t  m e th an o g en es is  and s u l f a t e - r e d u c t i o n  
o c c u r  s u b s t a n t i a l l y  i n  th e  same r e g io n s  o f  th e  s e d im e n ts .  In v i t r o  
i n c u b a t io n  o f  t h e  m a r in e  s ed im en ts  showed m e th an o g en es is  i n  a l l  sam­
p le s  down to  a  dep th  o f  340 cm, and t h a t  m e th an o g en es is  d e c re a se d  
w i th  dep th  p ro b a b ly  as  a r e s u l t  o f  d im in ish e d  l e v e l s  o f  m ethane p r e ­
c u r s o r s  i n  t h e  d e e p e r  s e d im e n ts .  The u se  o f  ^ C - 2 - a c e t a t e  and 
NaH^C 0 3  r a d i o l a b e l s  showed t h a t  70-85% o f  th e  g e n e r a te d  i n
th e  m arin e  sed im en ts  was d e r iv e d  from ^ C 0 2 » and on ly  2-11% was
d e r iv e d  from ^ ^ C - 2 - a c e ta t e .  A d d i t io n  o f  ^ C - U - l a c t a t e  to  t h e  s e d i -
14m ents i n i t i a l l y  caused  a l a r g e  r e l e a s e  o f  CO2  due to  t h e  c o n v e r s io n
o f  l a c t a t e  to  a c e t a t e  and CO^, b u t  l i t t l e  o f  t h e  a c e t a t e  was con­
v e r t e d  to  m ethane . D uring  p ro lo n g e d  i n c u b a t i o n s ,  in c r e a s e d  a t
14th e  ex p en se  o f  CC^. S in c e  b ic a r b o n a t e  was th e  p r e f e r r e d  m ethane
p r e c u r s o r  i n  t h e s e  s e d im e n ts ,  as  s u l f a t e  was d e p l e t e d ,  th e  p r o d u c t io n
o f  m ethane  from CC^ o u t s t r i p p e d  (X ^ -p ro d u c t io n  by s u l f a t e - r e d u c e r s
t h a t  o x id iz e d  l a c t a t e .  W arfo rd , e t  a l .  (66) conc luded  t h a t  m arine
m ethanogen ic  sed im en ts  may be  v e ry  d i f f e r e n t  from th o s e  o f  f r e s h w a te r
s y s te m s .  A lthough th e  d a t a  i n d i c a t e d  t h a t  a c e t a t e  was c o n v e r te d  to
CO2 , and t h a t  th e  m a jo r  m ethane  p r e c u r s o r  was CC^. th e  p o s s i b i l i t y
o f  some ty p e  o f  s y n t r o p h ic  r e l a t i o n s h i p  be tw een  s u l f a t e - r e d u c e r s  and
m ethanogens i n  th e  S a n ta  B arb a ra  B as in  was n o t  r u l e d  o u t .  T h e ir
r e s u l t s  s u p p o r te d  th e  h y p o th e s i s  o f  C laypoo l and Kaplan (1 8 ) ,  whose 
13i s o t o p i c  d a ta  (6 C) i n d i c a t e d  t h a t  m ethane was d e r iv e d  c h i e f l y  from 
c a r b o n a te s  i n  m arin e  e n v iro n m e n ts .
K o siu r  and W arford (32) i n v e s t i g a t e d  th e  q u e s t i o n  o f  why low 
c o n c e n t r a t i o n s  o f  m ethane w ere  found i n  th e  n e a r - s u r f a c e ,  s u l f a t e -  
r e d u c in g  zone o f  th e  S a n ta  B arbara  B a s in .  They found t h a t  i n  v i t r o  
m e th an o g en es is  i n  s ed im en t  sam ples  was n o t  i n h i b i t e d  by th e  i n i t i a l  
i n t e r s t i t i a l  w a te r  s u l f a t e  c o n c e n t r a t i o n  o f  2 8 .3  mM. A c t iv e  m ethano­
g e n e s i s  and a n a e ro b ic  m ethane o x i d a t i o n  b o th  o c c u r re d  i n  th e  s u l f a t e -  
r e d u c in g  zone. The r a t e  o f  m e th a n o g en e s is  d e c re a se d  w i th  d ep th  w i th in  
t h e  s u l f a t e - r e d u c i n g  zon e ,  p ro b a b ly  due to  d im in ish e d  a v a i l a b i l i t y  o f  
methane p r e c u r s o r s  formed by s u l f a t e - r e d u c e r s .
A d d i t i o n a l  e v id en c e  o f  th e  o c c u r re n c e  o f  a n a e ro b ic  m ethane o x i ­
d a t i o n  i n  m arin e  and f r e s h w a te r  en v iro n m en ts  was p ro v id e d  by Zehnder 
and Brock (7 8 ) .  R a d i o t r a c e r  s t u d i e s  on s ed im en t  sam ples  from Izembek
Bay, A lask a  (a  m arin e  s e d im e n t ) ,  and Lake Mendota, showed t h a t  methane 
p r o d u c t io n  was fo l lo w e d  by a n a e ro b ic  o x i d a t i o n .  2 -b ro m o e th a n e su lfo n -  
a t e  (an  a n a lo g u e  o f  coenzyme M, m e r c a p to e th a n e s u l f o n a t e ) , a  p o t e n t  
i n h i b i t o r  o f  m e th a n o g e n e s i s ,  s t r o n g l y  i n h i b i t e d  a n a e ro b ic  m ethane 
o x i d a t i o n ,  i n d i c a t i n g  t h a t  m ethanogens may be  in v o lv e d  i n  th e  o x i ­
d a t i o n .  The a d d i t i o n  o f  s u l f a t e  i n h i b i t e d  m ethane o x i d a t i o n ,  b u t  th e  
i n h i b i t i o n  was th o u g h t  to  be  a  r e s u l t  o f  th e  r e d u c t io n  o f  s u l f a t e  to  
s u l f i d e .  F ree  s u l f i d e  s low ed m e th a n o g e n e s is ,  b u t  was e a s i l y  r e v e r s e d  
w ith  th e  a d d i t i o n  o f  f e r r o u s  i r o n  w hich p r e c i p i t a t e d  and d e t o x i f i e d  
th e  s u l f i d e .  F a l l o n ,  e t  a l .  (22) showed t h a t  a n a e ro b ic  methane 
o x i d a t i o n  d u r in g  summer s t r a t i f i c a t i o n  o f  Lake Mendota amounted to  
45% o f  th e  t o t a l  m ethane p r o d u c t io n ,  and t h a t  54% o f  th e  o rg a n ic  
lo a d  i n  t h e  l a k e  was r e l e a s e d  a s  m ethane.
M arine Methanogens and S u l f a t e -R e d u c e r s
A lthough much e f f o r t  h a s  been d ev o ted  to  th e  s tu d y  o f  m ethanogens 
i s o l a t e d  from f r e s h w a te r  s y s te m s ,  v e ry  l i t t l e  i s  known ab o u t m arin e  
m ethanogens . Methanococcus v a n n ie l i i , one o f  th e  f i r s t  m ethanogens 
i s o l a t e d  from a m arin e  en v iro n m e n t ,  was s t u d i e d  by S tadtm an and Bar­
k e r  (59) and J o n e s ,  e t  a l .  (2 7 ) .  The o rgan ism  was i s o l a t e d  from 
t i d a l  mud f l a t s  i n  San F r a n c i s c o  Bay, y e t  i t  i s  n o t  an  o b l i g a t e  h a lo -  
p h i l e  (2 7 ) .  The o rgan ism  was r o u t i n e l y  c u l t u r e d  i n  f o r m a te - c o n ta in in g  
media o f  low o sm o tic  s t r e n g t h .  I n  f a c t ,  t h e  o rgan ism  i s  n o t  s a l t  
t o l e r a n t ,  and f a i l s  to  grow i n  m edia c o n ta i n in g  3% NaCl (2 7 ) .  U l t r a -  
s t r u c t u r a l  a n a l y s i s  o f  Methanococcus v a n n ie li i  (27) showed t h a t  i t  
la c k e d  a  p e p t id o g ly c a n  l a y e r  i n  t h e  c e l l  w a l l .  Th is  i s  c o n s i s t e n t
w ith  th e  ex trem e s e n s i t i v i t y  o f  t h e  o rg an ism  to  m e ch a n ic a l  s t r e s s  (27)
Two new m arin e  m ethanogens w ere  i s o l a t e d  by Rom esser, e t  a l .  (56) 
Methanogenium c a r ia c i  from sed im e n ts  i n  th e  C ar iac o  T ren ch , and 
Methanogenium m arisn igri from th e  B lack  S ea . Both s p e c i e s  a r e  i r r e g u ­
l a r l y - s h a p e d  c o c c i ,  u t i l i z e  CO2  p lu s  H2  o r  fo rm a te  (b u t  n o t  a c e t a t e  
o r  m e th a n o l ) ,  and r e q u i r e  NaCl f o r  g row th . The c e l l  w a l l s  o f  t h e s e  
i s o l a t e s  m o rp h o lo g ic a l ly  re sem b le  t h a t  o f  Methanococcus v a n n ie l i i , 
and a l s o  l a c k  p e p t id o g ly c a n .  Both m ethanogens have  an optimum growth 
t e m p e ra tu re  o f  20-25°  C and r e q u i r e  e i t h e r  a c e t a t e  (Af. c a r ia c i)  o r  
t r y p t i c a s e  (M. m a risn ig ri) f o r  g row th . These two o rgan ism s a r e  th e  
f i r s t  o b l i g a t e l y  h a l o p h i l i c  m ethanogens i s o l a t e d  from a m arine  en­
v iro n m en t .
Jones  and P a y n te r  (28) s t u d i e d  m e th an o g en es is  i n  s a l t  marsh and 
e s tu a r i r i e  s ed im en ts  o f  S ape lo  I s l a n d ,  GA, and i n  South C a r o l in a .  In  
s h o r t  Spartina  marsh s e d im e n ts ,  m ethanogens were most numerous a t  a 
s ed im en t d ep th  o f  5-7  cm and d e c re a se d  w i th  d e p th .  In  t a l l  Spartina  
marsh s e d im e n t ,  m ethanogens w ere  m ost numerous a t  0 -2  cm. Methano­
g e n e s i s  was s t i m u l a t e d  in  v i t r o  by th e  a d d i t i o n  o f  CO2  p lu s  an<  ̂
fo rm a te .  Jo n es  and P a y n te r  (29) h av e  r e c e n t l y  c h a r a c t e r i z e d  a new 
m arin e  methanogen i s o l a t e d  from s a l t  marsh s e d im e n t .  Methanogenium 
paludism aritim ae  produced  m ethane from  fo rm a te  and CO2  + H2 , and 
r e q u i r e d  Na+ and Mg++ f o r  g row th . L ik e  o th e r  members o f  t h e  genus,
M. paludism aritim ae  la c k e d  p e p t id o g ly c a n  i n  t h e  c e l l  w a l l .  However, 
i t  d i f f e r e d  m arked ly  i n  t h e  g u a n o s in e  p lu s  c y to s i n e  (G + C) con­
t e n t  o f  i t s  DNA (34 mol%), when compared to  M. c a r ia c i  (52 mol%) 
and M. m arisn igri (61 mol%).
S e v e r a l  s t r a i n s  o f  t h e  s u l f a t e - r e d u c i n g  b a c te r iu m  D esu lfovibrio  
a r e  c a p a b le  o f  growth i n  e l e v a t e d  c o n c e n t r a t i o n s  o f  NaCl, b u t  o n ly  one 
re c o g n iz e d  s p e c i e s ,  Dv. sa le x ig e n s , i s  an  o b l i g a t e  h a l o p h i l e  (5 0 ) .
T here  a r e  no r e p o r t s  o f  any known o b l i g a t e l y  h a l o p h i l i c  members o f  
t h e  s p o re - fo rm in g  g en u s ,  Desulfotomaculum. P o s tg a te  and Campbell 
(50) have shown t h a t  Dv. s a l e x i g e n s  i s  u n a b le  to  t o l e r a t e  low o sm o tic  
t e n s i o n s  t y p i c a l  o f  f r e s h w a te r  e n v iro n m e n ts ,  and t h a t  i t  r e q u i r e s  Cl 
f o r  g row th . The o rgan ism  h as  been  i s o l a t e d  from s e a w a te r ,  m a r in e  and 
e s t u a r i n e  s e d im e n ts ,  and p i c k l i n g  b r i n e s .  I t  i s  a l s o  e a s i l y  r e c o g ­
n iz e d  by i t s  h ig h  r e s i s t a n c e  to  t h e  a n t i b i o t i c ,  H ib i t a n e ,  when compared 
to  o t h e r  s p e c ie s  o f  th e  genus D e s u l f o v ib r io .
MATERIALS AND METHODS 
D i s t r i b u t i o n  o f  Methanogens and S u l f a t e - R e d u c e r s , 
and I n t e r s t i t i a l  W ater C hem istry  i n  Sediment Core Samples
Study A re a . Core sam ples to  a d e p th  o f  30 .0  m w ere  ta k e n  from Mis­
s i s s i p p i  R iv e r  d e l t a  sed im en ts  i n  th e  Gulf o f  Mexico n e a r  28° 5 7 '
N l a t i t u d e ,  89° 151' W l o n g i t u d e .  The sam ples  were c o l l e c t e d  on 
25-26 November 1978 a t  S i t e  1 n e a r  th e  r i v e r  mouth i n  E a s t  Bay. E as t  
Bay i s  an i n t e r d i s t r i b u t a r y  bay s i t u a t e d  betw een South P ass  and South­
w est Pass  (F ig u re  3 ) .  The w a te r  d ep th  a t  th e  sam pling  s i t e  was 14 m. 
P re v io u s  s t u d i e s  em ploying  h i g h - r e s o l u t i o n  s e is m ic  p r o f i l e s ,  s i d e -  
scan  s o n a r  t r a c k s ,  and h y d ro g ra p h ic  su rv e y s  have  shown t h a t  u n d e r­
w a te r  l a n d s l i d e s  have  o c c u r re d  n e a r  t h i s  sam pling  s i t e  (7 0 ) .
Sam pling . The sed im en t sam ples  were c o l l e c t e d  from on b o a rd  a 
s h a l lo w - w a te r  j a c k - u p  r i g  (m obile  d r i l l i n g  p la t fo rm )  equ ipped  w ith
F ig u re  3. Map o f  th e  M i s s i s s i p p i  R iv e r  d e l t a  showing th e  s tu d y  a r e a  
and sam pling  s i t e s .  Three s e t s  o f  sam ples were c o l l e c t e d  i n  E a s t  
Bay, an i n t e r d i s t r i b u t a r y  bay s i t u a t e d  betw een South Pass  and South­
w est P a s s ,  ab o u t  135 km d o w nrive r  from New O r le a n s .  S i t e  1 was 
l o c a t e d  a p p ro x im a te ly  15 km o f f s h o r e .  The sam pling  e x c u r s io n s  were 
i n i t i a t e d  from V en ice ,  L o u i s i a n a ,  a d r i l l i n g  su p p ly  c e n te r  l o c a t e d  
ab o u t 20 km u p r i v e r  from th e  Main Pass  d i s t r i b u t a r y .  The sam pling  
s i t e s  i n  E as t  Bay were re a c h e d  v i a  South P a s s .
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w i r e - l i n e  sam p lin g  eq u ipm en t.  At S i t e  1, s i x t e e n  sed im en t c o re s  
were ta k e n  a t  a p p ro x im a te ly  1 .5  m i n t e r v a l s  w i th  a  0 .6  m -lo n g , 5 .6  cm 
( I .  D . ) ,  s t a i n l e s s  s t e e l  c o re  b a r r e l  a t t a c h e d  to  th e  w i r e - l i n e  sam­
p l e r  (7 0 ) .  The w i r e - l i n e  sam p le r  p e n e t r a t e d  th e  sed im en t i n s i d e  o f  
a 6 .4  cm (0 .  D .) d r i l l  p ip e  (7 0 ) .  A d d i t io n a l  d e l t a  sed im en t sam ples  
t h a t  w ere  used  i n  t h i s  s tu d y  w ere  ta k e n  from c o re s  r e a c h in g  d ep th s  
o f  70 .7  and 212.1  m a t  S i t e s  2 and 3 , r e s p e c t i v e l y ,  i n  th e  M i s s i s s i p p i  
R iv e r  d e l t a .  These two c o re s  w ere  o r i g i n a l l y  c o l l e c t e d  f o r  g e o p h y s ic a l  
a n a ly s e s  b u t  were unopened and s t o r e d  f o r  a p p ro x im a te ly  s i x  months a t  
am bien t te m p e ra tu re s  (25 -30°  C ) . Between c o re  sam ple c o l l e c t i o n s ,  
d r i l l i n g  "mud" was i n j e c t e d  i n t o  th e  b o re  h o le  to  m a in ta in  th e  i n ­
t e g r i t y  o f  t h e  b o r in g .  The sed im en t sam ples  were o b ta in e d  in  5 .5  cm 
(0 . D . ) ,  a i r - t i g h t  p l a s t i c  r e s i n  l i n e r s ,  p r e - c u t  to  12 .2  cm in  
l e n g t h ,  t h a t  f i t  i n s i d e  t h e  c o re  b a r r e l .  A f t e r  sam ple c o l l e c t i o n ,  
th e  s e d im e n t - c o n ta in in g  l i n e r s  were  e x tru d e d  from th e  c o re  b a r r e l ,  
s e p a r a t e d  i n t o  12 .2  cm s e c t i o n s ,  and im m ed ia te ly  s e a l e d  w ith  ru b b e r  
c a p s .  The b r i e f  ex p o su re  o f  th e  ends o f  each c o re  sam ple  to  a i r  
d id  n o t  c au se  s i g n i f i c a n t  o x i d a t i o n  o f  th e  sed im en t due to  th e  p r e ­
sen c e  o f  FeS (8 ,  73, 8 2 ) .  A l l  c o re  sam ples  w ere  r e f r i g e r a t e d  (4° C) 
f o r  a p p ro x im a te ly  48 h p r i o r  to  u se  i n  th e  l a b o r a t o r y .  As a  p r e c a u t i o n ,  
th e  ends o f  each c o re  sam ple  were c u t  o f f  and d i s c a r d e d  p r i o r  t o  th e  
rem oval o f  sed im en t  m a t e r i a l  f o r  e x p e r im e n ts .  The d i s c a r d e d  s e d i ­
ment m a t e r i a l  s t i l l  r e t a i n e d  th e  d a rk  g ray  c o lo r  o f  reduced  sed im en t 
( o x id iz e d  sed im en t tu r n s  r e d d i s h - b r o w n ) . Samples ta k e n  a t  S i t e  2 
(7 0 .7  m-deep c o r e )  were c o l l e c t e d  and s t o r e d  i n  a manner s i m i l a r  
to  t h a t  o f  S i t e  1 sam p le s .  Samples ta k e n  a t  S i t e  3 (212 .1  m-deep 
c o re )  w ere  c o l l e c t e d  as  d e s c r ib e d  ab o v e , b u t  w ere  wrapped i n  aluminum
f o i l  and s e a l e d  i n  p a r a f f i n  and c a rd b o a rd  c y l i n d e r s .  No s p e c i a l  
p r e c a u t io n s  w ere  ta k e n  to  e n su re  th e  a n a e r o b ic  s t o r a g e  o f  t h e s e  sam­
p l e s ,  and as  a  r e s u l t ,  some v i s i b l e  o x i d a t i o n  o f  t h e  o u t e r  1-2 mm
s u r f a c e  o f  each  c o re  sam ple  was n o te d .  P r i o r  to  th e  u se  o f  th e s e
c o re  s a m p le s ,  th e  o u t e r  o x id iz e d  l a y e r  was removed, and on ly  d a rk ,  
red u ced  sed im en t was used  f o r  b a c t e r i a l  e n r ic h m e n t s .
One hundred -m l a l i q u o t s  o f  S i t e  1 s e d im en t  to  be a ssay ed  f o r  
d i s s o lv e d  m ethane w ere  removed from th e  l i n e r s  im m ed ia te ly  a f t e r  
c o l l e c t i o n ,  and w ere s e a l e d  in  m e t a l ,  460 ml cans  which c o n ta in e d  
260 ml o f  H e-purged , m e th a n e - f r e e  d i s t i l l e d  w a t e r ,  and 1 ml o f  1% 
benza lkon ium  c h l o r i d e  a s  a  p r e s e r v a t i v e  (7 0 ) .  A second  a l i q u o t  o f
each  sam p le ,  to  be used  f o r  a n a ly s e s  o f  s u l f a t e ,  t o t a l  d i s s o lv e d
i n o r g a n ic  ca rb o n  ( E C ^ ) ,  d i s s o lv e d  o r g a n ic  ca rb o n  (DOC), s a l i n i t y ,  
and pH, was s e a le d  i n  a t i g h t l y  wrapped p l a s t i c  bag f o r  t r a n s p o r t  
back  to  th e  l a b o r a t o r y  (7 0 ) .  None o f  t h e  i n t e r s t i t i a l  w a te r  c h em is try  
a n a ly s e s  r e q u i r e d  th e  u se  o f  a n a e r o b ic  m a t e r i a l ,  so  no p r e c a u t io n s  
w ere  ta k e n  to  e x c lu d e  oxygen from t h e s e  s a m p le s .  However, t o  p r e ­
v e n t  b a c t e r i o l o g i c a l  changes  i n  t h e  se d im e n t  m a t e r i a l ,  t h e  sam ples  
w ere  r e f r i g e r a t e d  (4° C) d u r in g  t r a n s p o r t .
A pprox im ate ly  15 1 o f  s u r f a c e  sed im en t  was o b ta in e d  w i th  an 
Ekman d red g e  and s t o r e d  on b o a rd  a t  4°  C i n  heavy d u ty  p l a s t i c  con­
t a i n e r s .  A f t e r  r e t u r n i n g  to  th e  l a b o r a t o r y ,  th e  an o x ic  s u r f a c e  
sed im en t was t r a n s f e r r e d  t o  10 1 g l a s s  c o n t a i n e r s  and s t o r e d  under  
0 2 ~ f re e  Ng a t  4° C b e f o r e  u s e .
In  November, 1977, a  150 X 7 cm p l a s t i c  d rop  c o re  was used  to  
c o l l e c t  th e  top  0 .7 7  m o f  sed im en t  a t  S i t e  4 i n  t h e  E a s t  Bay a r e a .
A f te r  r e t u r n i n g  to  th e  l a b o r a t o r y ,  12 subsam ples  a t  a p p ro x im a te ly  
6 cm i n t e r v a l s  w ere  removed by d r i l l i n g  th ro u g h  th e  s i d e  o f  th e  p l a s t i c  
d rop  c o re  and a s e p t i c a l l y  t r a n s f e r r i n g  p o r t i o n s  o f  s ed im en t to  g l a s s  
c o n t a i n e r s  u n d e r  N2 .
B a c t e r i a l  C ounts . P o p u la t io n  d e n s i t i e s  o f  m ethanogenic  and s u l f a t e -  
r e d u c in g  b a c t e r i a  were  e s t im a te d  by th e  f i v e - t u b e  most p ro b a b le  num­
b e r  (MPN) te c h n iq u e  (2 ) .  The medium used  f o r  th e  methanogen MPN 
co u n ts  was a  m o d i f i c a t io n  o f  an en r ic h m en t  medium f o r  m arine  methano­
gens s u g g e s te d  by J .  A. Romesser ( p e r s o n a l  com m unication).  The 
c a r b o n a te - b u f f e r e d  m ethanogen MPN e n r ich m en t medium c o n s i s t e d  o f :
10% T r y p t i c a s e  Pep tone  (BBL, C o c k e y s v i l l e ,  MD), 10 m l; 10% Y eas t 
E x t r a c t  (D ifc o ,  D e t r o i t ,  M I), 10 m l; 10% ammonium a c e t a t e ,  5 m l;
10% spdium fo rm a te ,  10 m l; t r a c e  m in e r a l s  (8 0 ) ,  10 m l; v i ta m in s  
(R. S . W olfe , p e r s o n a l  co m m unica tion ) ,  10 m l; 2 -m e rc a p to e th a n e s u l -  
f o n ic  a c i d ,  ammonium s a l t  (HS-CoM), 1 ml o f  a 1 mg/ml s o l u t i o n ;  10% 
Na2C0g, 10 m l; 5% NaHCOg, A0 m l; 0.1% r e s a z u r i n  ( redox  i n d i c a t o r ) ,
1 m l; d i s t i l l e d  w a t e r ,  150 m l; a r t i f i c i a l  s e a w a te r  (Seven Seas 
M arine Mix, U t i l i t y  Chem ical C o .,  P a t t e r s o n ,  NJ, A0 g /1  d i s t i l l e d  
w a t e r ) ,  750 m l; and 1.25% cy s te in e •H C l-N a2 S , 9H20 as a  re d u c in g  a g e n t  
( 3 ) ,  32 m l. The h ead sp ace  gas was a m ix tu re  o f  H2  + CO2  (80%-20%, 
v o l / v o l ) . The methanogen medium was p re p a re d  a n a e r o b ic a l l y  u s in g  
th e  Hungate te c h n iq u e  ( 2 5 ) .  A l l  g a se s  u sed  i n  media p r e p a r a t i o n  
were re n d e re d  f r e e  o f  0  ̂ by p a s sa g e  o v e r  red u ced  copper a t  350° C.
The medium was a n a e r o b i c a l l y  p i p e t t e d  i n t o  p r e v i o u s l y - f l u s h e d ,  27 ml 
a n a e ro b ic  c u l t u r e  tu b e s  (B e l lc o  G la s s ,  I n c . ,  V in e lan d ,  NJ) u s in g  a 
p i p e t  b u lb  w i th  a g a s s in g  l i n e  p lugged  i n t o  th e  e x p u ls io n  s i d e  arm.
The tu b e s  w ere  s e a l e d  w i th  g ra y ,  b u t y l  r u b b e r ,  s l o t t e d  serum b o t t l e  
s e p t a  and aluminum s e a l s ,  and th e n  a u to c l a v e d .  A f te r  i n o c u l a t i o n  o f  
th e  tu b e s  as  d e s c r ib e d  be lo w , t h e  p r e s s u r e  o f  t h e  gas p h ase  was. i n ­
c re a s e d  to  2 atm o f  Hg + CO^ (80%-20%, v o l / v o l )  a c c o rd in g  to  th e  
method o f  Balch and Wolfe ( 3 ) .
The medium used  f o r  t h e  en u m era tio n  o f  s u l f a t e - r e d u c i n g  b a c t e r i a  
was Bacto  S u l f a t e  API a g a r  (D ifc o ,  D e t r o i t ,  MI) supp lem en ted  w ith  
20 g /1  NaCl. Th is  medium y ie ld e d  th e  h i g h e s t  MPN co u n ts  o f  th e  v a r i ­
ous m edia t e s t e d  (10 , 4 9 ) .  The s u l f a t e - r e d u c e r s  MPN medium was d i s ­
pensed  as  15 ml a g a r  deeps i n t o  115 X 16 mm t e s t  t u b e s ,  capped w ith  
s l i p - o n  c a p s ,  and a u to c l a v e d .  B lack ,  I^ S -p ro d u c in g  c o lo n ie s  t h a t  
formed w i t h i n  th e  a g a r  deeps  were c o n s id e re d  as  s u l f a t e - r e d u c e r s .
Weighed p o r t i o n s  o f  w et s ed im e n ts  w ere  t e n - f o l d  s e r i a l l y  d i l u t e d
a n a e r o b i c a l l y  i n  s t e r i l e  m ethanogen MPN medium u s in g  0 .5  ml g l a s s
d i s p o s a b le  s y r in g e s  (G laspak , B ec to n -D ick in so n )  t h a t  w ere  p r e v io u s ly
-1  -3o u t - g a s s e d  w ith  0 2 ~ f re e  Ng ( 3 ) .  Sedim ent d i l u t i o n s  o f  10 and 10 
w ere a n a e r o b i c a l l y  i n o c u la t e d  i n t o  th e  m ethanogen MPN medium and 
m o lten  (45° C) s u l f a t e - r e d u c e r s  MPN medium i n  com pliance  w i th  th e  
f i v e - t u b e  MPN p ro c e d u re  ( 2 ) .  A l l  tu b e s  w ere in c u b a te d  i n  t h e  d a rk  
a t  30° C f o r  t h r e e  w eeks. To d e te rm in e  sed im en t d ry  w e ig h t s ,  weighed 
p o r t i o n s  from each  sam ple w ere  d r i e d  a t  75° C to  c o n s t a n t  w e ig h t .
Gas C hrom atography. Methane p ro d u c t io n  i n  MPN t u b e s ,  s u b s t r a t e  
u t i l i z a t i o n  t u b e s ,  and o t h e r  r o u t i n e  m ethane a s s a y s  ( s e e  below) was 
m easured by f lam e i o n i z a t i o n  gas chrom atography  u s in g  a P e r k in -  
Elmer 3920B gas ch ro m ato g rap h . The column was a  1 .83  m (6 f t )  copper  
tu b e ,  3 .175  mm (1 /8  i n . )  0 .  D . ,  f i l l e d  w i th  80-100 mesh P orapak  QS.
A 0 .5  ml g a s - t i g h t  s y r in g e  (P re s s u re -L o k  S e r i e s  A-2, P r e c i s i o n  Samp­
l i n g ,  Baton Rouge, LA) was used  to  d e l i v e r  0 .0 2 - 0 .5  ml sam ples o f  th e  
h eadspace  g a se s  to  t h e  gas ch rom atog raph . Measurement o f  d i s s o lv e d  
m ethane i n  d e l t a  sed im en ts  was acco m p lish ed  by s t r i p p i n g  th e  methane 
from th e  i n t e r s t i t i a l  w a te r  w i th  He (70) and i n j e c t i n g  0 .0 5  ml i n t o  
a  gas chrom atograph w i th  a Valeo gas sam pling  s w i tc h in g  v a lv e  (Model 
V-6-HPa, Valeo In s t ru m e n ts  C o .,  H ouston , TX). A l l  m ethane a s sa y s  
i n  t h i s  s tu d y  were q u a n t i t a t e d  by l i n e a r  r e g r e s s i o n  a n a ly s e s .  
I n t e r s t i t i a l  Water C h e m is t ry . D is so lv e d  s u l f a t e  was d e te rm ined  
t u r b i d i m e t r i c a l l y  by p r e c i p i t a t i o n  w i th  barium  c h lo r i d e  ( 2 ) .  D is ­
so lv e d  o rg a n ic  carbon  (DOC) was d e te rm in ed  .by th e  c o m b u s t io n - in f r a re d  
method (2 ) .  D is so lv e d  i n o r g a n ic  carbon  (ZCO2 ) was d e te rm in ed  by 
a c i d i f y i n g  an a l i q u o t  o f  i n t e r s t i t i a l  w a te r  and m easu ring  th e  evo lved  
CO2  by i n f r a r e d  s p e c t ro s c o p y  w ith  a CO2  a n a ly z e r  (2 ) .  The pH o f  th e  
i n t e r s t i t i a l  w a te r  was d e te rm in ed  u s in g  a  m ic r o e l e c t r o d e .  S a l i n i t y  
was measured as c h l o r i d e  io n  by t i t r a t i o n  w i th  s i l v e r  n i t r a t e  (2 ) .
In  V i tr o  U t i l i z a t i o n  o f  Methane P r e c u r s o r s  
by D e l ta  Sedim ents
Added S u b s t r a t e  U t i l i z a t i o n . Ten-ml a l i q u o t s  o f  a s l u r r y  o f  0 .2  m-deep 
sed im en t w ere  d is p e n s e d  a n a e r o b i c a l l y  i n t o  27 ml a n a e ro b ic  c u l t u r e  
tu b e s  under  ^  such  t h a t  each  tu b e  c o n ta in e d  2 .8  g o f  s ed im en t (dry  
w e ig h t ) .  The tu b es  w ere  s e a l e d  w i th  b l a c k ,  b u t y l  r u b b e r ,  anaerobe  
s to p p e r s  (B e l lc o  G la s s ,  I n c . ,  V in e la n d ,  N J ) . U nless  o th e rw is e  s p e c i ­
f i e d ,  th e  d i l u e n t  (pH 7 .0 )  used  to  make th e  sed im en t s l u r r i e s  con­
t a i n e d ,  p e r  1 o f  d i s t i l l e d  w a te r ,  NaCl, 30 g ; KC1, 0 .7  g ; M gC ^’ b ^ O ,
34
5 .5  g ; MgS0/,*7H20 ,  6 .9  g ; NH^Cl, 0 .5  g ; CaCl2 *2H20 , 0 .3  g ; and 
K2HPO^, 0 . 3  g ( J .  A. Rom esser, p e r s o n a l  co m m u n ica tio n ) . The f o l lo w in g  
p o t e n t i a l  m ethane p r e c u r s o r s  w ere  added s e p a r a t e l y  to  t r i p l i c a t e  
s e t s  o f  tu b e s  i n  100 ymol q u a n t i t i e s :  sodium a c e t a t e ,  sodium b i c a r ­
b o n a te ,  sodium fo rm a te ,  d i m e t h y l s u l f i d e ,  m e th a n o l ,  m ethy lam ine , 
d im e th y lam in e ,  t r im e th y la m in e ,  m e th a n e th io l ,  m e th y lh y d ra z in e ,  and 
m e th io n in e .  The fo l lo w in g  p o t e n t i a l l y  s t i m u l a t o r y  compounds were 
added s e p a r a t e l y  i n  t r i p l i c a t e  to  o t h e r  s e t s  o f  tu b e s :  sodium l a c t a t e ,  
sodium p r o p io n a te ,  sodium p y r u v a te ,  g lu c o s e ,  c e l l o b i o s e ,  c h o l in e * C l  
( a l l  100 y m o l) ,  c e l l u l o s e  (0 .0 3  g / t u b e ) ,  p e c t i n  (0 .0 1 4  g / t u b e ) ,  
and p o l y p e c t a t e  (0 .0 1 4  g / t u b e ) .
In  a d d i t i o n  to  th e  N2 a tm osphere  i n  a l l  tu b es  ( a t  1 atm p r e s s u r e ) ,
c e r t a i n  tu b e s  c o n ta i n in g  sed im en t s l u r r y  r e c e iv e d  2 .2 5  ml o f  H2 (100
y m o l) ,  o r  H2  + C02 (80%-20%, v o l / v o l ) .  O ther  s e t s  o f  c o n t r o l  tu b e s  
r e c e iv e d  Ng a lo n e .  S e ts  o f  k i l l e d  c o n t r o l  tu b e s  w ere  e i t h e r  a u to ­
c la v e d  o r  r e c e iv e d  0 .1  ml o f  37% fo rm aldehyde . A ll  tu b e s  w ere i n ­
cu b a te d  a t  30° C and shaken  p e r i o d i c a l l y  w i th  a v o r t e x  m ixer  to  en­
s u r e  t h a t  evo lved  m ethane was r e l e a s e d  i n t o  th e  h e a d sp a c e .  Methano­
g e n e s i s  was m o n ito red  on a d a i l y  b a s i s  by i n j e c t i n g  0 .0 2 - 0 .5  ml
sam ples  o f  h ead sp ace  gas i n t o  a gas ch rom atog raph .
M ethanogenes is  from Endogenous Methane P r e c u r s o r s . To m easure  th e  
p ro d u c t io n  o f  m ethane from endogenous m ethane p r e c u r s o r s ,  s l u r r i e s  
o f  d e l t a  sed im en t  (p re p a re d  a s  above w i th o u t  added s u b s t r a t e s ) ,  and 
tu b e s  c o n ta i n in g  p o r t i o n s  o f  u n a d u l t e r a t e d  ( u n d i lu te d )  sed im en ts  were  
in c u b a te d  i n  serum b o t t l e s  u n d e r  N2  a t  t h e  in  s i t u  te m p e ra tu re  o f  
20° C. M ethanogenes is  was m o n ito red  on a d a i l y  b a s i s  as  d e s c r ib e d  
above.
M ethanogenes is  i n  th e  P re s e n c e  o f  I n h i b i t o r s . To t e s t  th e  e f f e c t s  o f  
s p e c i f i c  i n h i b i t o r s  o f  m e th a n o g e n e s i s ,  s l u r r i e s  o f  S i t e  1 s ed im en t 
(p re p a re d  a s  above w i th o u t  added s u b s t r a t e s )  were  supp lem en ted  w i th  
one o f  th e  f o l lo w in g  compounds. C hloroform  (12) was added ( a t  con­
c e n t r a t i o n s  o f  0 ,  0 . 1 ,  0 . 2 ,  0 . 3 ,  0 . 4 ,  and 0.5%) to  sed im en t sam ples 
ta k e n  from d e p th s  o f  0 . 2 ,  3 .1 ,  7 .2 ,  1 7 .8 ,  and 30 .0  m. B - f lu o r o -  
a c e t a t e  (12) was added ( a t  c o n c e n t r a t i o n s  o f  0 ,  0 .0 1 ,  0 .0 2 ,  0 .0 5 ,  
and 0.1%) to  a second  s e r i e s  o f  sam ples  ta k en  from th e  same d e p th s .  
O th e r  s i m i l a r  s e t s  o f  s ed im en t  s l u r r i e s  were  supp lem en ted  w i th :
( i )  2 .5  mM b r o m o e th a n e s u l fo n a te ,  BrES (an an a lo g u e  o f  coenzyme M, 
m e rc a p to e th a n e s u l f o n a te )  (7 7 ) ;  and ( i i )  KNO^, a t  c o n c e n t r a t i o n s  o f  5 ,
10, 50 and 100 mM. Tubes sup p lem en ted  w i th  BrES o r  KNOg were a l s o
g iv e n  2 .2 5  ml o f  H2  + CO2  (80%-20%, v o l / v o l )  as  a s o u rc e  o f  carbon
and e n e rg y .  A l l  tu b e s  w i th  added i n h i b i t o r s  were  in c u b a te d  a t  30° C 
f o r  16 days (c h lo ro fo rm  and B - f l u o r o a c e t a t e  tu b e s )  o r  45 days (BrES 
and KNO  ̂ tu b e s )  and m o n ito red  f o r  m ethane p ro d u c t io n  by gas chroma­
to g ra p h y  .
M ethanogenes is  i n  th e  P re s e n c e  o f  Added S u l f i d e , S u l f a t e , and N aCl.
To t e s t  th e  e f f e c t s  o f  added s u l f i d e ,  s u l f a t e ,  and NaCl on m ethano­
g e n e s i s ,  s e p a r a t e  t r i p l i c a t e  s e t s  o f  s ed im en t s l u r r i e s  were  sup p lem en t­
ed w i th :  ( i )  Na2S’9H20 a t  c o n c e n t r a t i o n s  o f  0 . 1 ,  0 . 5 ,  1 .0 ,  5 .0 ,  10,
25, 50, and 100 mM; ( i i )  MgSO^*71*20 a t  c o n c e n t r a t i o n s  o f  0 . 1 ,  0 . 5 ,
1 .0 ,  5 .0 ,  10, 25 , 50, and 100 mM; ( i i i )  NaCl a t  c o n c e n t r a t i o n s  o f
50, 100, 500, 1000, 3000, and 5000 mM. H a lf  o f  th e  tu b e s  t h a t  r e ­
c e iv e d  added s u l f i d e ,  s u l f a t e ,  o r  NaCl c o n ta in e d  N2  i n  th e  h e a d s p a c e .
The o t h e r  h a l f  was g iv en  N2  p lu s  2 .2 5  ml o f  H2  + CO2  (80%-20%, v o l / v o l ) .
A ll  tu b e s  w ere  in c u b a te d  a t  30° C f o r  45 days  and m o n ito red  f o r  
m ethane p ro d u c t io n  by gas  ch rom atog raphy .
E f f e c t  o f  T em pera tu re  on M e th a n o g e n e s is . In  o r d e r  to  f i n d  th e  op­
timum te m p e ra tu re  f o r  m e th an o g en es is  i n  0 .2  m-deep d e l t a  s e d im e n ts ,  
t h r e e  s e t s  o f  s ed im en t sam ples  w ere p r e p a r e d .  One s e t  o f  serum 
b o t t l e s  c o n ta in e d  u n a d u l t e r a t e d  s e d im en t  w i th o u t  b e in g  d i l u t e d  to  a 
s l u r r y ,  and was s e a l e d  u n d e r  a  ^  a tm o sp h e re .  A second s e t  o f  serum 
b o t t l e s  c o n ta in e d  s l u r r i e s  o f  s ed im en t d i l u t e d  a s  d e s c r ib e d  above, 
and was s e a le d  u n d e r  N2 » The l a s t  s e t  o f  serum b o t t l e s  c o n ta in e d  
sed im en t s l u r r i e s  under  Nj supp lem en ted  w i th  2 .25  ml o f  +  CO2  
(80%-20%, v o l / v o l ) .  The sed im en t sam ples  were in c u b a te d  f o r  45 days 
a t  te m p e ra tu re s  o f  20, 30, 35, 40 , 45 , and 50° C. Methane p r o d u c t io n  
was m easured by gas ch rom atog raphy .
Measurement o f  Changes i n  Redox P o t e n t i a l  (E^) and pH D uring  Methano­
g e n e s i s  . To m o n i to r  changes i n  E^ and pH d u r in g  m e th an o g en es is  i n  
0 .2  m-deep s e d im e n ts ,  i t  was n e c e s s a r y  to  c o n s t r u c t  la rg e -v o lu m e  
r e a c t i o n  v e s s e l s  to  c o n ta i n  th e  s ed im en t  s l u r r i e s .  The d e s ig n  o f  th e  
r e a c t i o n  v e s s e l s  was t h a t  o f  P a t r i c k ,  e t  a l .  (4 5 ) ,  and i s  shown in  
F ig u re  4 . Each r e a c t i o n  v e s s e l  c o n s i s t e d  o f  a o n e - l i t e r ,  t h r e e - n e c k ,  
f l a t - b o t to m e d  f l a s k  equ ipped  w i th  p ro b e s  f o r  m o n i to r in g  pH and E^» 
and a serum b o t t l e  septum  to  a l lo w  th e  w ith d ra w a l  o f  gas sam ples 
from th e  h e a d sp a c e .  The pH o f  th e  sed im en t  s l u r r y  was m easured w i th  
a Beckman Z erom atic  IV pH m e te r  and co m b in a tio n  e l e c t r o d e .  The 
redox  p o t e n t i a l  was m easured  w i th  a second  pH m e te r  ( s e t  to  re a d  
m i l l i v o l t s )  w i th  two p la t in u m  e l e c t r o d e s ,  a  s a l t  b r i d g e ,  and a  c a l o ­
mel h a l f  c e l l  (4 5 ) .  The P t  e l e c t r o d e s  were c o n s t r u c t e d  by g lu in g
F ig u re  4. Diagram o f  th e  r e a c t i o n  v e s s e l s  used  to  m o n i to r  changes 
i n  red o x  p o t e n t i a l  (E^) and pH d u r in g  m e th an o g en es is  by S i t e  1, 0 .2  
m -deep, n e a r - s u r f a c e  s e d im e n ts .  The d e s ig n  o f  th e  r e a c t i o n  v e s s e l s  
was t h a t  o f  P a t r i c k ,  e t  a l .  (4 5 ) ,  and a l lo w ed  th e  measurem ent o f  
chem ica l changes  i n  sed im en t  s l u r r i e s  w h i le  b e in g  mixed and m a in ta in e d  
i n  a s e a l e d ,  a n a e ro b ic  microcosm a t  a c o n t r o l l e d  te m p e ra tu re  (30° C ) .
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a 2 cm p ie c e  o f  P t  w ir e  w i th  epoxy cement i n t o  th e  end o f  a  3 mm 
0 .  D. g l a s s  tu b e ,  a s  shown i n  F ig u re  4 . E l e c t r i c a l  c o n ta c t  be tw een 
th e  P t  w i r e  (which ex ten d ed  1 cm beyond th e  end o f  th e  g l a s s  tu b e )  
and th e  10 gauge co p p er  w i r e  i n s i d e  th e  g l a s s  tu b e  was made u s in g  a 
s m a l l  amount o f  m ercu ry .  The P t  e l e c t r o d e  was co n n ec ted  to  th e  
e l e c t r o d e  j a c k  on th e  pH m e te r  v i a  24 gauge b e l l  w i r e .  The s a l t  
b r id g e  c o n s i s t e d  o f  a 6 mm 0 .  D. g l a s s  tu b e  f i l l e d  w ith  4% n o b le  
a g a r  i n  a  s a t u r a t e d  s o l u t i o n  o f  KC1. The s o l u t i o n  o f  s a t u r a t e d  KC1 
above th e  a g a r  was c o n t in u o u s  w i th  th e  upper  p o r t i o n  o f  a  ca lom el 
h a l f  c e l l  ( s e e  F ig .  4 ) .  The ca lom el h a l f  c e l l  was c o n ta in e d  i n  a 
16 mm g l a s s  t e s t  tu b e  w i th  a 2 cm p i e c e  o f  g lu ed  P t  w ir e  p r o t r u d in g  
from th e  b o ttom . M ercury (ab o u t 2 ml) was used  to  make e l e c t r i c a l  
c o n t a c t  betw een th e  P t  w i r e  and th e  s l u r r y  o f  ca lom el (HgCl in  s a t ­
u r a t e d  KC1) occupy ing  th e  low er p o r t i o n  o f  th e  ca lo m el h a l f  c e l l  
( s e e  F ig .  4 ) .  The P t  w ir e  a t  th e  bo ttom  o f  th e  h a l f  c e l l  was con­
n e c te d  to  th e  r e f e r e n c e  e l e c t r o d e  j a c k  on th e  pH m e te r .  The redox  
p o t e n t i a l  p ro b es  were s t a n d a r d i z e d  by im m ersing th e  P t  and s a l t  
b r id g e  ( r e f e r e n c e )  e l e c t r o d e s  i n  a s a t u r a t e d  s o l u t i o n  o f  qu inhydrone  
(pH 7 .0 0 )  which has a known red o x  p o t e n t i a l  o f  +284 mV (1 6 ) .
A 50% s l u r r y  o f  0 .2  m-deep S i t e  1 sed im en t was made by m ixing  
200 g (wet w e ig h t)  o f  sed im en t  w i th  200 ml o f  a n a e ro b ic  d i l u e n t  
(p re p a re d  as  above) and was a n a e r o b i c a l l y  p i p e t t e d  i n t o  th e  r e a c t i o n  
v e s s e l .  The h ead sp ace  gas was 0 2 ~ f re e  N£. The r e a c t i o n  v e s s e l s  
each c o n ta in e d  400 g o f  s l u r r y  p lu s  a m ag n e t ic  s t i r r i n g  b a r .  The 
e n t i r e  a p p a r a tu s  (w ith  pH m e te rs  and m ag n e t ic  s t i r r e r s )  was housed  
i n  an i n c u b a t o r  m a in ta in e d  a t  30° C. M ethane p r o d u c t io n ,  pH, and
w ere m o n ito red  . f o r  27 d a y s .
M ethanogenes is  from ^ C - a c e t a t e . Ten-ml a l i q u o t s  o f  50% d e l t a  s e d i ­
ment s l u r r i e s  (p re p a re d  a s  above) w ere  d isp e n s e d  i n t o  60 ml a n a e ro b ic  
serum b o t t l e s  under  a  Nj a tm o sp h ere .  The sed im en t sam ples  used  i n  
t h i s  e x p e r im en t  w ere  c o l l e c t e d  from E a s t  Bay and w ere ta k e n  from d e p th s  
o f  0 .0 7 5 ,  0 .7 5 ,  1 .5 ,  2 .9 ,  3 .6 ,  1 1 .2 ,  and 2 9 .0  m. P re v io u s  e n r i c h ­
ments w i th  u n la b e le d  compounds had shown t h a t  t h e s e  sam ples  were
c a p a b le  o f  a c t i v e  m e th a n o g e n e s is .  ^ C - 1 - a c e t a t e ,  14.95 p C i/m l ,  and 
14C - 2 - a c e t a t e ,  10 p C i/m l ,  w ere  o b ta in e d  from New England N u c le a r .
14Both C - a c e t a t e  s o l u t i o n s  w ere  d i l u t e d  w i th  an a n a e ro b ic  d i l u e n t
c o n ta in in g  0.05% Na2S*9H20 p lu s  cyste ine*H C1 to  m a in ta in  re d u c in g
c o n d i t io n s  and to  remove any t r a c e s  o f  O2 . Each sed im en t s l u r r y
re c e iv e d  200 y l  (663 ,800 dpm) o f  a n a e r o b i c a l l y  d i l u t e d  r a d i o l a b e l
and was in c u b a te d  i n  th e  d a rk  f o r  10 days a t  30° C.
At th e  end o f  th e  in c u b a t io n  p e r i o d ,  0 .1  ml o f  6N NaOH was
added to  each sed im en t s l u r r y  to  s to p  a l l  b i o l o g i c a l  a c t i v i t y .  The
s l u r r i e s  (now pH 12) w ere shaken  f o r  30 min to  remove a l l  CO2  and
^ (X > 2  from th e  h e a d sp a c e ,  th u s  e n s u r in g  t h a t  th e  on ly  r a d i o l a b e l
14
l e f t  i n  th e  h ead sp a ce  was CH  ̂ (which has  an  ex trem e ly  low s o l u b i l i t y  
in  aqueous s o l u t i o n ) . The evo lved  was coun ted  by l i q u i d  s c i n t i l ­
l a t i o n  a c c o rd in g  to  th e  method o f  Zehnder, e t  a l .  ( 7 9 ) .  A 15 ml 
p o r t i o n  o f  h ead sp ace  gas was removed from each s l u r r y  w i th  an a i r ­
t i g h t  g l a s s  s y r in g e  and i n j e c t e d  i n t o  a m o d if ied  l i q u i d  s c i n t i l l a ­
t i o n  v i a l  c o n ta i n in g  5 ml o f  Aquasol c o u n t in g  c o c k t a i l .  The l i q u i d  
s c i n t i l l a t i o n  v i a l s  w ere  m o d if ied  by rem oving th e  cork-alum inum  s e a l s  
from th e  screw  caps and r e p l a c i n g  them w i th  b u t y l  ru b b e r  septum
s e a l s .  A h o le  was d r i l l e d  i n t o  each  cap to  a l lo w  th e  p u n c tu r in g  
o f  t h e  v i a l  cap to  I n t r o d u c e  l a b e l e d  h ead sp a ce  g a s .  The l i q u i d  s c i n ­
t i l l a t i o n  v i a l s  w ere  c a p a b le  o f  h o ld in g  u n la b e le d  m ethane gas u n d e r  
2 atm p r e s s u r e  w i th o u t  l e a k i n g .  The v i a l s  w ere  shaken  f o r  30 min to
14
b r in g  th e  CH  ̂ i n t o  s o l u t i o n  i n  A quaso l.  E xperim ents  w ith  un­
l a b e l e d  m ethane showed t h a t  th e  s o l u b i l i t y  o f  m ethane a t  c o n c e n t r a ­
t i o n s  m a tch in g  th o s e  employed i n  t h i s  e x p e r im en t was 71.6% a t  room 
te m p e ra tu re .  The sam ples  w ere  co u n ted  i n  a Beckman LSC-200 l i q u i d  
s c i n t i l l a t i o n  c o u n te r  (maximum c o u n t in g  e r r o r ,  5%) and c o r r e c t e d  f o r  
background (40 cpm ), c o u n t in g  e f f i c i e n c y  (82 .9% ), and s o l u b i l i t y  o f  
methane i n  A quasol (71.6% ).
A ttem pts  to  I s o l a t e  D e l ta  Methanogens
M ethanogenic  E n r ic h m e n ts . Numerous s u c c e s s f u l  m ethanogen ic  e n r i c h ­
ments were  made w i th  t h e  s i x  b a s i c  a n a e r o b ic  media l i s t e d  i n  Tab les  
1 -3 .  A l l  methanogen e n r ic h m en t  m edia w ere p re p a re d  under  s t r i c t  
a n a e ro b ic  c o n d i t io n s  u s in g  th e  Hungate te c h n iq u e  (2 5 ) .  A l l  s i x  
m edia w ere a b le  to  s u p p o r t  a c t i v e l y  m e th a n o g en ic ,  mixed p o p u la t io n  
e n r ich m en t c u l t u r e s ,  and g e n e r a l l y  p roduced  s i g n i f i c a n t  c o n v e r s io n  
o f  m ethane p r e c u r s o r s  ( g r e a t e r  th a n  50%) i n  2-3  days when in c u b a te d  
a t  30-37° C. The s u c c e s s f u l  e n r ic h m en ts  w ere  r e s t r i c t e d  to  b ro th  
c u l t u r e s  i n  s e a l e d  serum  b o t t l e s  (60 and 115 m l, Wheaton S c i e n t i f i c )  
o r  an ae ro b e  tu b e s  (27 m l, B e l lc o  G la s s ,  I n c . ) .  The media were in o c u ­
l a t e d  s e p a r a t e l y  w i th  s e d im e n t  m a t e r i a l  (a p p ro x im a te ly  1 g) from 
f o u r  d i f f e r e n t  s am p lin g  s i t e s  ( S i t e s  1 - 4 ) ,  and from s e v e r a l  d e p th s  
ra n g in g  from n e a r  th e  s u r f a c e  to  30 m below th e  s e d im e n t-w a te r
T ables  1 -3 .  Methanogen growth m edia used  f o r  b r o th  en r ic h m en ts  and 
a t te m p te d  i s o l a t i o n  by e x t i n c t i o n  d i l u t i o n ,  Hungate r o l l  tu b e s  (2 5 ) ,  
and a n a e ro b ic  s t r e a k  p l a t e s  (2 1 ) .  A l l  c h em ica ls  used  i n  th e s e  media 
were o f  r e a g e n t  g ra d e .  Excep t w here n o te d ,  th e  media were p re p a re d  
and d isp e n s e d  under  ( ^ - f r e e  Ng.
T a b le  1
lYiah, e t  a l .  (3B) Enrichment  Medium
NH4C1 1.0 g
K2HP04 0 . 4  g
IY!gCl2 *6H20 0.1 g
CaC03 100 g
Ca a c e t a t e  20 g
r e s a z u r i n  0 .0001 #
a r t i f i c i a l ' s e a u - a t e r  1 1
Modi f i ed  Romesser ,  e t  a l . (56)  lYiedium
10# methy lamine 10 ml
10# t r y p t i c a s e 10 ml
10# y e a s t  e x t r a c t 10 ml
10# ammonium a c e t a t e 5 ml
10# sodium fo rm a te 10 ml
t r a c e  m i n e r a l s  (80) 10 ml
v i t a m i n s  ( 3 ) 10 ml
HS-CoIY1 (1 mg/ml s o l u t i o n ) 1 ml
methanol 5 ml
10# Na2C03 10 ml
5# NaHC03 40 ml
r e s a z u r i n  0 .0001 #
d i s t i l l e d  w a t e r 150 ml
a r t i f i c i a l  s e a u a t e r  (40 g / l ) 750 ml
1 .25#  c y s t e i n e - s u l f i d e  (3 ) 32 ml
H2 + C02 ( 8 0 # - 2 0 # ,  v o l / v o l )  gas phase
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Table 2
Modi f i ed  LPBM P lu s  50^1 Sea S a l t s  (BO)
Na fo rm a te  1 %
methanol  1 %
KH2P04 0 . 1 5  g
K2HPD4 0 .2 9  g
NH 4C1 D. 1B g
H'gC 12 * 6H2D 0 .04 g
r\la25*9H2D 0 . 5  g
t r a c e  m i n e r a l s  1.B ml
y e a s t  e x t r a c t  0 . 1  %
HS-ColY! (1 mg/ml s o l u t i o n )  0 . 2  %
r e s a z u r i n  0 .0001 '%
d i s t i l l e d  w a t e r  100 ml
a r t i f i c i a l  s e a w a t e r  100 ml
Methano l-Methy lamine (lYlHfl) Medium
a r t i f i c i a l  s e a w a t e r 300 ml
d i s t i l l e d  w a t e r 70 ml
y e a s t  e x t r a c t 0.1 g
10;'o Na f o rm a t e A ml
1 0 r% Na a c e t a t e A ml
m i n e r a l s  ( 80 ) A ml
v i t a m i n s  (3 ) A ml
H5-CoM (1 mg/ml s o l u t i o n ) 0 • A ml
5% NaHCOg 16 ml
r e s a z u r i n 0.0001 %
10/a methylamine A ml
methano l 2 ml
1 • 2 5% c y s t e i n e - s u l f i d e  (3 ) 16 ml
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T ab le  3
Low Yeas t  E x t r a c t  Medium, [Ylah, e t  a l  . ( 38 )
y e a s t  e x t r a c t 0 .02 %
t r y p t i c a s e 0 .2 A
nh4c i 0.1 A
k2hpd4 0 .04 A
l tgCl2 0.01 A
r e s a z u r i n 0.0001 A




Na a c e t a t e 0.1 nr:
a r t i f i c i a l  s e a w a t e r 1 l
High Yeast  E x t r a c t  Medium, IViah, e t  a l . (3B)
y e a s t  e x t r a c t 1.0 A
t r y p t i c a s e O.S %
NH^Cl 0.1 %
NaHC03 0 .1 5 A
c y s t e i n e  *HC1 0 .0 5 %
Na25*9H20 0.01 %
r e s a z u r i n 0.0001 A
methanol 1 .0 A
Na a c e t a t e 0.1 IV:
a r t i f i c i a l  s e a w a t e r 1 1
i n t e r f a c e .  The sed im en t sam ples  which c o n ta in e d  v i a b l e  methanogens
caused  n e a r ly  un ifo rm  m ethane g e n e r a t io n  i n  a l l  s i x  ty p e s  o f  m ed ia .
The e x t i n c t i o n  d i l u t i o n  te c h n iq u e  was used  i n  an a t te m p t  to
i s o l a t e  m ethanogens i n  b r o th  m edia u s in g  a l l  s i x  ty p e s  l i s t e d  i n
T ab le s  1 -3 .  In  t h i s  p ro c e d u re ,  a c t i v e  m ethanogenic  en r ich m en ts  were
t e n - f o l d  s e r i a l l y  d i l u t e d  i n t o  f r e s h  media o f  t h e  same ty p e  by means
- 1 2o f  ^ “ f l u s h e d ,  g l a s s ,  2 .5  ml s y r in g e s  (A l) .  D i l u t i o n s . o f  up to  10
were in c u b a te d  a t  35° C f o r  s i x  to  e i g h t  w eeks, and p e r i o d i c a l l y
a ssa y ed  f o r  m ethane p ro d u c t io n  by gas ch rom atography .
A ttem pts  to  I s o l a t e  Methanogens on S o l id  M edia . Two b a s i c  ty p e s
o f  a g a r - c o n t a i n i n g ,  s o l i d  media were used in  an a t te m p t  to  o b t a in
p u re  c u l t u r e s  o f  m ethanogens from d e l t a  sed im en t s a m p le s : ( i )  th e
r o l l  tu b e  te c h n iq u e  (2 5 ) ;  and ( i i )  th e  a n a e ro b ic  s t r e a k  p l a t e  (2 1 ) .
R o l l  tu b e s  c o n ta i n in g  a l l  s i x  methanogen growth media were i n o c u la te d
w ith  m a t e r i a l  from a c t i v e  m ethanogenic  e n r ich m en ts  a c c o rd in g  to  th e
method o f  Hungate (25) and in c u b a te d  a t  35° C. A naerob ic  s t r e a k
p l a t e s  were poured  i n  an a n a e ro b e  hood (Germfree L a b o r a t o r i e s ,  I n c . ,
Miami, FL) u n d e r  an a tm osphere  o f  90% Ng and 10% They were th en
i n o c u la t e d  w ith  m a t e r i a l  from a c t i v e  m ethanogenic  e n r ich m en ts  and 
o
in c u b a te d  a t  35 C i n s i d e  th e  a n ae ro b e  hood, o r  were  s e a le d  i n  a 
H e - f lu sh e d  an ae ro b e  j a r  and in c u b a te d  i n s i d e  th e  an ae ro b e  hood. The 
l a t t e r  method was e s s e n t i a l l y  t h e  same as th e  " u l t r a - l o w  O2 " chamber 
method o f  Edwards and McBride (2 1 ) .  A naerob ic  c o n d i t io n s  were main­
t a in e d  i n s i d e  th e  an ae ro b e  hood by th e  c i r c u l a t i o n  o f  H2  gas o v e r  a 
p a l la d iu m  c a t a l y s t .  The c a t a l y s t  was p e r i o d i c a l l y  removed (ev e ry  2 -3  
w eeks) and r e ju v e n a te d  by h e a t i n g  f o r  1 h a t  160° C. Because th e  H2
r e a c t e d  w i th  O2  t h a t  d i f f u s e d  i n t o  th e  a n ae ro b e  hood, i t  was n e c e s s a ry  
to  p e r i o d i c a l l y  r e p l e n i s h  th e  Hj i n  t h e  hood i n  o r d e r  to  m a in ta in  a 
10% H2  a tm o sp h e re .  The q u a l i t y  o f  th e  a n a e ro b ic  a tm osphere  w i th in  
t h e  hood was m o n ito red  by k e e p in g  s o l u t i o n s  o f  red o x  i n d i c a t o r s  
(m ethy lene  b lu e  and r e s a z u r i n )  open to  th e  a n a e ro b ic  a tm osphere  
i n s i d e  th e  hood.
Numerous c o lo n ie s  w ere  p ic k e d  from th e  r o l l  tu b e s  and a n a e ro b ic  
s t r e a k  p l a t e s  and w ere i n o c u l a t e d  i n t o  f r e s h  b r o th  m ed ia . These en­
r ic h m e n ts  w ere  th e n  f u r t h e r  in c u b a te d  a t  35° C f o r  s i x  to  e i g h t  weeks 
and m o n ito red  f o r  m ethane p ro d u c t io n  by gas ch rom atog raphy . The 
a n a e ro b ic  s t r e a k  p l a t e s  w ere  r o u t i n e l y  examined under  lo n g  wave 
u l t r a v i o l e t  l i g h t  i n  o r d e r  to  i d e n t i f y  f l u o r e s c e n t  methanogen c o lo ­
n i e s ,  a c c o rd in g  to  th e  method o f  Edwards and McBride (2 1 ) .
I s o l a t i o n  and C h a r a c t e r i z a t i o n  o f  D e l ta  S u l f a t e -R e d u c e r s
S u l f a te - R e d u c e r  E n r ic h m e n ts . S u c c e s s f u l  en r ic h m en ts  o f  s u l f a t e - r e d u c ­
in g  b a c t e r i a  w ere  o b ta in e d  w i th  P o s t g a t e ' s  e n r ich m en t medium (4 9 ) .
The medium c o n ta in e d ,  p e r  l i t e r  o f  d i s t i l l e d  w a te r ,  KH2 PO4 , 0 .5  g ; 
NH^Cl, 1 .0  g ; CaSO^, 1 .0  g ;  MgSO^’ Tl^O, 2 .0  g ; Na l a c t a t e ,  3 .5  g; 
y e a s t  e x t r a c t ,  1 .0  g ; a s c o r b i c  a c i d ,  1 .0  g ; Na t h i o g l y c o l l a t e ,  1 .0  g ; 
FeS0^*7H2 0 ,  0 .0 2  g; and NaCl, 3 0 .0  g . The d i s t i l l e d  w a te r  t h a t  was 
used  i n  th e  en r ic h m en t  medium was b o i l e d  and co o led  to  d r i v e  o f f  
most o f  th e  d i s s o lv e d  O2 . The medium was f i l t e r  s t e r i l i z e d  ( M i l l i -  
p o r e ,  0 .4 5  ym p o re  s i z e ) ,  s p a rg e d  a s e p t i c a l l y  w i th  O g -f ree  N2  f o r  
15 m in , and a n a e r o b i c a l l y  d is p e n s e d  i n t o  s t e r i l e  a n ae ro b e  t u b e s .
Tubes o f  P o s t g a t e ' s  e n r ic h m en t  medium (49) were  i n o c u la t e d  w i th
a p p ro x im a te ly  1 g (wet w e ig h t)  o f  S i t e  1 d e l t a  s u r f a c e  sed im en t  and 
in c u b a te d  f o r  1 week a t  35° C. P o s i t i v e  s u l f a t e - r e d u c i n g  e n r ic h m e n ts  
tu rn e d  b la c k  due t o  t h e  p r e c i p i t a t i o n  o f  s u l f i d e  a s  FeS.
I s o l a t i o n  o f  S u l f a t e -R e d u c in g  B a c t e r i a . Numerous en r ic h m en ts  were  
s e t  up a c c o rd in g  to  a m o d if ie d  p ro c e d u re  o f  P o s tg a t e  (49) and were 
in c u b a te d  a t  35° and 55° C. N i n e ty - s ix  h o u r  o ld  p o s i t i v e  en r ic h m en ts  
w ere  sam pled and t e n - f o l d  s e r i a l l y  d i l u t e d  i n t o  f r e s h  P o s t g a t e ' s  
e n r ich m en t medium by means o f  ^ “ f l u s h e d ,  g l a s s ,  2 .5  ml s y r i n g e s .
—7 _ o  _ q
One-ml a l i q u o t s  w ere  removed from d i l u t i o n s  o f  10 , 10 , and 10 *,
and w ere  i n o c u la t e d  i n t o  f r e s h  m ed ia . T h is  e x t i n c t i o n  d i l u t i o n  
te c h n iq u e  was used  to  i s o l a t e  80 s t r a i n s . o f  s u l f a t e - r e d u c i n g  b a c t e r i a .  
P u r i t y  o f  th e  i s o l a t e s  was checked by p h a se  c o n t r a s t  m ic roscopy  and 
by o c c a s i o n a l l y  s t r e a k i n g  p l a t e s  o f  B re w er 's  T h i o g l y c o l l a t e  Anaerobe 
Medium to  d e t e c t  n o n - s u l f a t e - r e d u c i n g  c o n ta m in a n ts .
I d e n t i f i c a t i o n  o f  S u l f a t e - R e d u c e r  I s o l a t e s . The taxonom ic c r i t e r i a  
o f  P o s tg a te  and Campbell (50) w ere  used to  i d e n t i f y  s u l f a t e - r e d u c i n g  
b a c t e r i a  i s o l a t e d  from th e  S i t e  1 s u r f a c e  s e d im e n ts .  A l l  80 s t r a i n s  
w ere  t e s t e d  f o r  t h e i r  a b i l i t y  to  grow i n  Medium C o f  B u t l i n ,  e t  a l .  
( 1 0 ) supp lem en ted  w i th  th e  fo l lo w in g  compounds: l a c t a t e ,  p y r u v a te ,  
m a la t e ,  a c e t a t e ,  and f o r m a te ,  a c c o rd in g  to  th e  method o f  P o s tg a te  
(4 9 ) .  The s u l f a t e - f r e e  medium o f  P o s tg a t e  (47) was used  to  t e s t  th e  
growth o f  th e  i s o l a t e s  on p y ru v a te  and c h o l in e  i n  t h e  ab sen ce  o f  
s u l f a t e .  The a b i l i t y  o f  t h e  i s o l a t e s  to  grow i n  t h e  p re s e n c e  o f  
H ib i t a n e  ( c h lo r h e x id in e  d i a c e t a t e )  was t e s t e d  by su p p lem en tin g  
P o s t g a t e ' s  medium (49) w i th  0 .2 5 ,  1 .0 ,  2 .5 ,  10, 25, and 1000 yg /m l 
o f  th e  a n t i b i o t i c .  P r o d u c t io n  o f  d e s u l f o v i r i d i n ,  a p igm ent p roduced
by members o f  th e  genus D esu lfo v ib r io , was t e s t e d  by a d d in g  0 .1  ml o f  
3N NaOH to  a sam ple o f  each  i s o l a t e  i n  o r d e r  to  r e l e a s e  th e  p igm ent 
i n t o  s o l u t i o n .  The o b s e r v a t i o n  o f  a  b r i g h t  red  c o lo r  u n d e r  longwave 
u l t r a v i o l e t  l i g h t  was c o n s id e re d  a s  a p o s i t i v e  t e s t  f o r  d e s u l f o v i r i d i n  
p r o d u c t io n  (4 8 ) .  A l l  i s o l a t e s  w ere  t e s t e d  f o r  t h e i r  optimum growth 
te m p e ra tu re  and minimum NaCl re q u ire m e n t  i n  P o s t g a t e ’s medium (4 9 ) .  
P ho to -  and E le c t ro n -M ic ro sc o p y  o f  C e l l s . Pho tom icrog raphs  o f  r e p r e ­
s e n t a t i v e  s t r a i n s  o f  th e  s u l f a t e - r e d u c i n g  i s o l a t e s ,  and o f  th e  meth­
a n o g en ic  en rich m en t c u l t u r e s ,  w ere  ta k e n  by e i t h e r  p h ase  c o n t r a s t  o r  
Nomarski i n t e r f e r e n c e  m ic ro sco p y .  C e l l s  f o r  e l e c t r o n  m ic ro g ra p h ic  
ex am in a t io n  were n e g a t i v e l y  s t a i n e d  w i th  1 % p h o s p h o tu n g s ta te  and 
viewed in  a JEL 100CX t r a n s m is s io n  e l e c t r o n  m ic ro sco p e .
RESULTS
Depth D i s t r i b u t i o n  o f  M ethanogens and S u l f a t e - R e d u c e r s
F ig u re  5 shows th e  d e p th  d i s t r i b u t i o n  p r o f i l e s  o f  methanogens 
and s u l f a t e - r e d u c e r s  i n  S i t e  1 M i s s i s s i p p i  R iv e r  d e l t a  s e d im e n ts .
In  t h i s  s e r i e s  o f  c o re  s a m p le s ,  t h e  m ethanogen p o p u la t io n  was g r e a t e s t  
(1 .1 8  X 10 c e l l s  p e r  100 g s e d im e n t ,  d ry  w e ig h t)  i n  th e  upperm ost 
sam ple , ta k e n  0 .2  m below th e  s e d im e n t-w a te r  i n t e r f a c e .  The MPN o f  
m ethanogens d e c re a se d  r a p i d l y  w i th  d e p th .  At S i t e  1, v i a b l e  m ethano­
gens were n o t  d e t e c t e d  a t  a d ep th  o f  8 .7  m, o r  be low . The MPNs o f  
methanogens i n  sed im en t c o re  sam ples  from S i t e  2 (7 0 .7  m-deep b o r in g )  
and S i t e  3 (212.1 m-deep b o r in g )  w ere  a l s o  h i g h e s t  i n  th e  sam ples 
c o l l e c t e d  n e a r  th e  s e d im e n t- w a te r  i n t e r f a c e  (T ab le  4 ) .  The c o re  
sam ples  from S i t e s  2 and 3 a l s o  showed t h a t  m ethanogen p o p u la t io n s  
d e c re a se d  w i th  d e p th .
F ig u re  5 . Depth ( in  m e te rs  below  th e  s e d im e n t-w a te r  i n t e r f a c e )
d i s t r i b u t i o n  p r o f i l e s  o f  m ethanogens ( 0 — 0 ) ;  s u l f a t e - r e d u c e r s
( □ — □ )  ; d i s s o lv e d  m ethane ( • — • ) ;  and d i s s o lv e d  s u l f a t e  ( £ " " A ) ,
i n  S i t e  1 d e l t a  s e d im e n ts .  Most p ro b a b le  number (MPN) e s t i m a te s  o f
b a c t e r i a l  p o p u la t io n  d e n s i t i e s  were  th e  av e rag e  o f  two s e p a r a t e
-1  -3d e te r m in a t io n s  perfo rm ed  on sed im en t d i l u t i o n s  o f  1 0  and 1 0  ,
and a r e  g iv e n  a s  c e l l s  p e r  100 grams s e d im e n t ,  dry  w e ig h t .  The 
d a t a  p o i n t s  w i th  c r o s s - h a t c h i n g  i n d i c a t e  " l e s s  th a n "  v a l u e s , and 
r e f l e c t  t h e  l i m i t s  o f  d e t e c t i o n  o f  t h e s e  b a c t e r i a l  p o p u la t io n s  
r a t h e r  th a n  t r u e ,  f i n i t e  v a l u e s .  D is so lv e d  s u l f a t e  i s  shown as  a 
mM c o n c e n t r a t i o n  i n  th e  i n t e r s t i t i a l  w a te r  t h a t  was squeezed  from 
d e l t a  sed im en t  sam p le s .  The d i s s o lv e d  m ethane i s  shown as  mmol o f  
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Table  4 . Most p ro b a b le  number (MPN) e s t i m a te s  o f  methanogen and
s u l f a t e - r e d u c e r  p o p u la t io n  d e n s i t i e s  i n  d e l t a  sed im en ts  from S i t e  2
and S i t e  3. Depth i s  shown in  m e te rs  below th e  s e d im e n t-w a te r
i n t e r f a c e .  MPN e s t i m a te s  were an av e rag e  from two s e p a r a t e  d e t e r -
-1  -3m in a t io n s  o f  sed im en t d i l u t i o n s  o f  1 0  and 1 0  , and a r e  g iv en  as
c e l l s  (X 10"4 ) p e r  100 grams s e d im e n t ,  d ry  w e ig h t .
D e p t h  ( m )
Cells (X I0~4) / I 0 0 g  Sediment, Dry Wt.
M ethanogens S u l fo t e - R e d u c e r s
S i te  2  I .S  > 6 3 0 0  6 /
3 .7  > 2 4 0 0  2 4 0
11.3 9 5 0  2 1 0
2 9 .3  6 .5  140
45.1 <2.1 170
7 0 .7  <2.7 <2.7
S i t e  3  2 .9  1.6 9.8
18.4 < 0 .005  2 .9
75 .0  < 0 .0 0 4  0 .0 9
89.0  < 0 .004  < 0 .004
101.3 < 0 .004  < 0.004
124.1 < 0 .004  <0.004
131.7 < 0 .004  <0.004
142.1 < 0 .004  <0.004
157.0 < 0.004 <0.004
187.8 <0.004 <0.004
212.1 < 0.004 <0.004
The d e p th  d i s t r i b u t i o n  o f  s u l f a t e - r e d u c e r s  i n  th e  S i t e  1 and 
S i t e  3 s ed im en ts  fo l lo w ed  a  p a t t e r n  t h a t  was s i m i l a r  to  t h a t  o f  th e  
m ethanogens. The h i g h e s t  MPN d e n s i t i e s  o f  s u l f a t e - r e d u c e r s  o c c u r re d  
i n  th e  upperm ost sam ples  n e a r  t h e  s e d im e n t- w a te r  i n t e r f a c e .  At S i t e  1, 
s u l f a t e - r e d u c e r s  were d e t e c t e d  i n  sam ples  to  a  d e p th  o f  15 .7  m, b u t  
were  a b s e n t  below a d ep th  o f  17 .8  m. The d ep th  d i s t r i b u t i o n  o f  v i a b l e  
s u l f a t e - r e d u c e r s  was e x te n s iv e ,  i n  S i t e  2 and S i t e  3 s e d im e n ts ,  r e a c h in g  
d e p th s  o f  4 5 .1  and 75 .0  m, r e s p e c t i v e l y .  At S i t e  2 , th e  h i g h e s t  MPN 
o f  s u l f a t e - r e d u c e r s  o c c u r re d  a t  a  d e p th  o f  3 .7  m, and was w e l l  removed 
from th e  s e d im e n t-w a te r  i n t e r f a c e .
At S i t e  4 ,  th e  u p p e r  0 .7 7  m o f  d e l t a  sed im en t  was exam ined . ;
Table  5 shows th e  r e s u l t s  o f  MPN e s t i m a te s  o f  methanogens and s u l f a t e -  
r e d u c e r s  i n  d e l t a  sed im en t  sam ples  ra n g in g  i n  d e p th  from 0 .0 5 0 -0 .7 7 0  m 
below th e  s e d im e n t-w a te r  i n t e r f a c e .  N e i th e r  p o p u la t io n  showed a 
r e c o g n iz a b le  r e l a t i o n s h i p  w i th  d e p th ,  how ever, th e  MPNs o f  m ethanogens 
and s u l f a t e - r e d u c e r s  i n  t h e  upperm ost sam ple (0 .050  m -deep) were  b o th  
sm a l l  when compared to  th o s e  a t  g r e a t e r  d e p th s  (0 .3 5 5 -0 .4 2 0  m ) . In  
g e n e r a l ,  t h e  MPNs o f  m ethanogens i n  th e  S i t e  4 sam ples  w ere  g r e a t e r  
th a n  th o s e  o f  s u l f a t e - r e d u c e r s .  In  11 o f  12 s a m p le s ,  m ethanogens o u t ­
numbered s u l f a t e - r e d u c e r s  by r a t i o s  r a n g in g  from 2 :1  to  o v e r  3 0 0 :1 .
I n t e r s t i t i a l  W ater C h em is try  o f  S i t e  ^  (3 0 .0  m-deep) Sed im ents
The d ep th  p r o f i l e s  o f  d i s s o l v e d  m ethane  and d i s s o lv e d  s u l f a t e  
i n  S i t e  1 sed im en ts  a r e  shown i n  F ig u r e  5 . D is so lv e d  m ethane maxima 
o c c u r re d  a t  d e p th s  o f  a p p ro x im a te ly  5 , 14 -2 0 , and 29-30 m. Very low 
c o n c e n t r a t i o n s  o f  d i s s o lv e d  m ethane w ere  o b se rv ed  a t  t h e  s u r f a c e  ( 0 . 2 -  
4 .0  m), a t  9-10 m, and a t  22 m. The l a r g e  p o p u la t i o n  o f  m ethanogens
Table  5. Most p ro b a b le  number (MPN) e s t i m a te s  o f  m ethanogen and 
s u l f a t e - r e d u c e r  p o p u la t io n s  in  d e l t a  sed im en ts  from S i t e  4 t h a t  were 
c o l l e c t e d  i n  a 1 .5  m -long p l a s t i c  d rop  c o r e .  Depth i s  shown i n  
m e te rs  below th e  s e d im e n t-w a te r  i n t e r f a c e .  MPN e s t i m a te s  were 
av e rag e s  from two s e p a r a t e  d e te r m in a t io n s  o f  s ed im en t d i l u t i o n s  o f  
10" 1  and 10"3 , and a r e  g iv e n  as  c e l l s  (X 10“ ^) p e r  100 grams s e d i ­
m ent, d ry  w e ig h t .  The r a t i o  o f  methanogens to  s u l f a t e - r e d u c e r s  i s  
i n d i c a t e d  i n  th e  f a r  r i g h t  column.
Cells (X I0~4) / 100 a Sediment. Dry Weight
Depth (m) Methanogens S u l fa t e -R e d u c e r s  Ratio
0 .0 5 0  7 .3  <3.1
0 .0 7 7  9 6 0  <2.6
0 .1 0 0  4 8 0  5 3
0 .165  1200 9 .8
0 .2 2 5  <5.7 8 2
0 2 9 0  110 51
0.355 >3100 3 0
0 .420  2 6 0 0  ' 100
0 .4 8 5  210 <6.9
0 .5 4 5  2 3  <4.5
0 .6 0 0  9 4 0  18













i n  t h e  0 . 2  m sam p le ,  t h e r e f o r e ,  ap p ea red  to  c o in c id e  w i th  a g r e a t l y  
d im in ish e d  l e v e l  o f  d i s s o lv e d  m ethane.
The g r e a t e s t  c o n c e n t r a t i o n  o f  d i s s o lv e d  s u l f a t e  o c c u r re d  i n  th e  
upperm ost sam ple a t  a d ep th  o f  0 .2  m (F ig .  5 ) .  D is so lv e d  s u l f a t e  was 
r a p i d l y  d e p le t e d  below a d e p th  o f  2 . 0  m, and was n o t  d e t e c t e d  below 
t h i s  d e p th ,  e x c e p t  f o r  a  second  h o r iz o n  o f  d i s s o lv e d  s u l f a t e  a t  1 0 - 1 2  
m. The d i s s o lv e d  s u l f a t e  maxima a t  d ep th s  o f  0 .2  m and 10-12 m b o th  
c o in c id e d  w i th  h ig h  MPNs o f  s u l f a t e - r e d u c i n g  b a c t e r i a .  In  a d d i t i o n ,  
th e  t h r e e  m ajo r peaks  o f  s u l f a t e - r e d u c e r s  ( a t  0 . 2 ,  3 . 0 ,  and 10 .0  m) 
c o in c id e d  w i th  s i g n i f i c a n t  d e c r e a s e s  i n  d i s s o lv e d  m ethane a t  th o s e  
d e p th s .  C o n v e rse ly ,  sam ples  t h a t  c o n ta in e d  low MPNs o f  s u l f a t e -  
r e d u c e r s  e x h i b i t e d  h ig h  l e v e l s  o f  d i s s o lv e d  m ethane .
F ig u r e  6  shows dep th  p r o f i l e s  o f  ZCO2 , DOC, t o t a l  c a rb o n ,  pH, 
p e r c e n t  w a t e r ,  and s a l i n i t y  i n  S i t e  1 d e l t a  s am p les .  The ZCO2  con­
c e n t r a t i o n  d e c re a se d  r a p i d l y  w i th  d e p th ,  d ro p p in g  by a b o u t  o n e - h a l f  
from th e  0 .2  m sam ple (55 mg C /1) to  th e  2 .0  m sam ple (22 mg C /1 ) .
A second  peak  o f  ZCO2  (50 mg C /1) o c c u r re d  a t  a  d ep th  o f  9 .0  m. The 
c o n c e n t r a t i o n  o f  DOC ap p ea re d  to  f l u c t u a t e  be tw een 40 and 60 mg C /1 , 
and showed no a p p a r e n t  r e l a t i o n s h i p  w i th  d e p th .  S i m i l a r l y ,  pH ( 7 .5 -  
8 .0 )  and s a l i n i t y  ( 3 0 .5 - 3 5 .5  g Cl” / 1 )  f l u d t u a t e d  and d id  n o t  a p p e a r  
to  be  r e l a t e d  to  d e p th .  P e r c e n t  w a te r  was g r e a t e s t  (57%) i n  th e  
u p p e rm o s t ,  0 . 2  m-deep sam p le .
In V i t r o  M ethanogenes is  from Added S u b s t r a t e s
The r e s u l t s  o f  th e  s e p a r a t e  a d d i t i o n s  o f  19 p o t e n t i a l  m ethane  
p r e c u r s o r s  a r e  summarized i n  T ab le  6 . The fo l lo w in g  known m ethane 
p r e c u r s o r s  w ere  r a p i d l y  c o n v e r te d  (3 -7  d ay s)  to  m ethane by S i t e  1
F ig u re  6 . S i t e  1 d ep th  ( i n  m e te rs  below th e  s e d im e n t-w a te r  i n t e r ­
f a c e )  p r o f i l e s  o f  d i s s o lv e d  in o r g a n ic  c a rb o n ,  ICO2  ( □ — □  ) ;  d i s ­
so lv e d  o r g a n ic  c a rb o n ,  DOC ( A - A ) ;  t o t a l  c a rb o n  (O— O ) ; pH ( ■ — ■ )  
p e r c e n t  w a te r  ( A r * A ) ;  and s a l i n i t y  ( • — •  ) .  ZCO2 , DOC, and t o t a l  
carbon  a r e  shown as  mg C p e r  l i t e r  o f  i n t e r s t i t i a l  w a te r .  pH i s  
g iv e n  i n  u n i t s  m easured a t  25° C. P e rc e n t  w a te r  i s  shown as grams 
o f  w a te r  p e r  1 0 0  g w et s ed im en t b e f o r e  d ry in g  to  c o n s t a n t  w e ig h t  a t  
75° C. S a l i n i t y  i s  shown as  c h l o r i d e  io n  c o n c e n t r a t i o n  i n  grams 
p e r  l i t e r  o f  i n t e r s t i t i a l  w a te r .
I I I « I I I I I I I I I0 20 40 60 80 100 40 50 60 
mg C/I % water
• ■ « « i ■ > ■ ■ ■ « « «7.5 8.0 30 33 36
pH g  cr/i
Table  6 . In v i t r o  m e th an o g en es is  r e s u l t i n g  from th e  a d d i t i o n  o f  
s e p a r a t e  1 0 0  pmol q u a n t i t i e s  o f  p o t e n t i a l  m ethane p r e c u r s o r s  and 
p o t e n t i a l l y  s t i m u l a t o r y  compounds. Sedim ent s l u r r i e s  (50%) o f  
S i t e  1, 0 .2  m -deep, n e a r - s u r f a c e  m a t e r i a l  were d is p e n s e d  i n t o  t r i  
p l i c a t e  s e t s  o f  an ae ro b e  tu b e s  and in c u b a te d  f o r  16 days a t  30° C 
In v i t r o  m e th an o g en es is  i s  g iv e n  a s  th e  a v e rag e  pmol m ethane p r o ­
duced p e r  gram s e d im e n t ,  d ry  w e ig h t ,  i n  t h r e e  s e p a r a t e  d e te rm in a ­
t i o n s ,  p lu s  o r  minus one s t a n d a r d  d e v i a t i o n  (± 0 2) .  P e rc e n t  
c o n v e r s io n  i s  shown as mol% o f  added ca rb o n s  c o n v e r te d  to  methane 
The in c u b a t io n  p e r io d  c u lm in a t in g  i n  th e  maximum p r o d u c t io n  o f  
m ethane i n  each  t r i p l i c a t e  s e t  o f  tu b e s  i s  g iv e n  i n  d a y s .  Each 
v a lu e  was c o r r e c t e d  f o r  m e th an o g en es is  from endogenous methane 
p r e c u r s o r s  i n  t r i p l i c a t e  c o n t r o l  tu b e s  t h a t  r e c e iv e d  no added sub 
s t r a t e .  Tubes w i th  CC> 2  + H2  r e c e iv e d  2 .2 5  ml o f  a gas m ix tu re  o f  
20%-80%, v o l / v o l .  Tubes w i th  c e l l u l o s e  each  r e c e iv e d  0 .0 3  g o f  
th e  s u b s t r a t e .
In Vitro Methanogenesis (30°  C). 100 (jmol Added Substra te
Added Substrate pmol CHyj/a % Conversion Days
methylamine 19.27*3.25 6 4 .7 4
dimethylamine 3 9 .4 4 * 2 .7 5 66 .3 4
trimethylamine 5 2 .5 9 * 4 .8 6 58.9 3
methanol 19 .39*3 .08 6 5 .2 4
C02  & h2 9 .7 0 * 0 .5 9 4 8 .5 7
methanethiol 1.45*0.13 4 .9 7
methylhydrazine 1 .6 8 * 0 .8 7 5 .6 16
hydrogen 0.97*0.11 — 7
dimethylsulfide 0.17 * 0.13 0.6 8
formate 0 .09  * 0.01 0.3 16
acetate 0 .0 8 * 0 .0 6 0.1 16
bicarbonate 0 . 0 0 * 0 .0 4 0.0 16
lactate 0 .1 8 * 0 .0 6 0.2 16
propionate 0 .0 6 * 0 .0 5 0.1 16
pyruvate 0 .3 9 * 0 .1 5 0 .4 16
methionine 1.03 * 0 .3 0 1.2 16
glucose 2.21 * 0 .4 0 1.2 5
ce/lobiose 0 .6 7 *  0.21 0 .2 7
cellulose 0 .2 7 *  0 .0 0 0 .0 16
d e l t a  s ed im en ts  from th e  0 . 2  m-deep sam p le :  m e thy lam ine , d im e th y la m in e ,  
t r im e th y la m in e ,  m e th a n o l ,  and CO2  + l ^ .  The mol% c o n v e r s io n  o f  added 
ca rb o n s  w i th  t h e s e  f i v e  s u b s t r a t e s  ran g ed  from 48 .5 -6 6 .3 % . The r e ­
m ain ing  14 s u b s t r a t e s ,  i n  g e n e r a l ,  caused  much low er p r o d u c t io n s  o f  
m ethane . Among t h e s e  w ere  two compounds w hich a r e  known m ethane  p r e ­
c u r s o r s ,  fo rm a te  and a c e t a t e .  Both s u b s t r a t e s  s t i m u l a t e d  o n ly  m inim al 
p ro d u c t io n  o f  m ethane above t h a t  i n  c o n t r o l s  w i th o u t  added s u b s t r a t e s .  
The a d d i t i o n  o f  m e th a n e th io l  (CH3 SH) o r  m e th y lh y d ra z in e  (CH3 NHNH2 ) 
r e s u l t e d  i n  th e  s t i m u l a t i o n  o f  m e th an o g en es is  (4 .9  and 5 .6  mol% con­
v e r s i o n ,  r e s p e c t i v e l y ) .  Methane p ro d u c t io n  from m e th y lh y d ra z in e  has  
n o t  been  p r e v io u s ly  r e p o r t e d .
F ig u r e s  7 to  11 show th e  i n  v i t r o  m e th an o g en es is  (and m ethane 
consum ption) i n  S i t e  1 , 0 .2  m-deep sed im en t  from added m ethane p r e ­
c u r s o r s  and p o t e n t i a l l y  s t i m u l a t o r y  compounds i n  45 day in c u b a t io n s  
a t  30° C. The r a p id  c o n v e r s io n  o f  m eth an o l and N -m ethyl compounds to  
m ethane i s  shown i n  F ig u re  7. Methane p r o d u c t io n  from t h e s e  compounds 
peaked i n  3-4  d a y s ,  and e x h i b i t e d  a s lo w ,  s t e a d y  consum ption  u n t i l  
th e  end o f  th e  45 day i n c u b a t io n  p e r i o d .  The p r o d u c t io n  o f  m ethane 
from c e l l u l o s e  i s  shown i n  F ig u r e  8 . A l a g  p e r io d  o f  a p p ro x im a te ly  
15 days was fo l lo w e d  by a s i g n i f i c a n t  i n c r e a s e  i n  m ethane  p ro d u c t io n  
from day 22 to  45. M eth an o g en es is  from m e t h a n e th io l ,  m e th io n in e ,  
m e th y lh y d ra z in e  (F ig .  8 ) ,  and from ca rb o n  monoxide (F ig .  9 ) ,  each 
showed a  s i m i l a r  e x t e n s iv e  l a g  p e r io d  (7 -8  d ay s)  p r i o r  to  t h e  o n s e t  
o f  s u b s t r a t e  t u r n o v e r .  M eth an o g en es is  from g lu c o s e  (F ig .  9 ) ,  and 
from p y r u v a te  and d i m e t h y l s u l f i d e  (F ig .  1 0 ) ,  was r a p i d ,  b u t  o n ly  a  s m a l l  
p e r c e n ta g e  o f  th e  added ca rb o n s  was c o n v e r te d  to  m ethane.
F ig u re  7. In v i t r o  m e th an o g en es is  w i th  tim e  from th e  a d d i t i o n  o f  
s e p a r a t e  1 0 0  pmol q u a n t i t i e s  o f  t r im e th y la m in e  ( • —- • ) ;  d im e th y l -  
amine ( ■ —■  ) ;  m ethy lam ine  (O— O ) ; and m ethano l ( □ —□  ) .  Sediment 
s l u r r i e s  (50%) o f  S i t e  1, 0 .2  m -deep, n e a r - s u r f a c e  m a t e r i a l  were 
d is p e n s e d  i n t o  t r i p l i c a t e  s e t s  o f  an ae ro b e  tu b e s  and m o n ito red  f o r  
m ethane p r o d u c t io n  f o r  45 d a y s .  In v i t r o  m eth an o g en es is  i s  g iv en  
as  ymol m ethane produced  ( a t  30° C) p e r  gram s e d im e n t ,  d ry  w e ig h t ,  
from th e  tu b e  i n  each s e t  y i e l d i n g  th e  maximum m ethane p r o d u c t io n .  
Each v a lu e  was c o r r e c t e d  f o r  m e th an o g en es is  from endogenous methane 
p r e c u r s o r s  i n  t r i p l i c a t e  c o n t r o l  tu b e s  t h a t  r e c e iv e d  no added sub­
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F ig u re  8 . In v i t r o  m e th an o g en es is  w i th  tim e from th e  a d d i t i o n  o f  
s e p a r a t e  1 0 0  ymol q u a n t i t i e s  o f  m e th a n e th io l  (O— O ) ;  m e th io n in e  
( □ —O  ) ;  and m e th y lh y d ra z in e  ( ■ —■ ) ,  and from th e  a d d i t i o n  o f  
0 .0 3  g c e l l u l o s e  (A-A) p e r  tu b e .  Sediment s l u r r i e s  (50%) o f  
S i t e  1, 0 .2  m -deep , n e a r - s u r f a c e  m a t e r i a l  w ere  d isp en se d  i n t o  t r i ­
p l i c a t e  s e t s  o f  an ae ro b e  tu b e s  and m o n ito red  f o r  m ethane p r o d u c t io n  
f o r  45 d a y s .  In v i t r o  m e th a n o g en e s is  i s  g iv en  as  ymol methane 
produced  ( a t  30° C) p e r  gram s e d im e n t ,  d ry  w e ig h t ,  from th e  tu b e  
i n  each  s e t  y i e l d i n g  th e  g r e a t e s t  m ethane p r o d u c t io n .  Each v a lu e  
was c o r r e c t e d  f o r  m e th an o g en es is  from endogenous p r e c u r s o r s  i n  
t r i p l i c a t e  c o n t r o l  tu b e s  t h a t  r e c e iv e d  no added s u b s t r a t e s .
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F ig u re  9. In  v i t r o  m e th an o g en es is  w i th  tim e from th e  a d d i t i o n  o f  
s e p a r a t e  1 0 0  ymol q u a n t i t i e s  o f  g lu c o s e  ( □ —□  ) ;  c a rb o n  monoxide 
( 0 —0 ) ;  and c e l l o b i o s e  ( A “ A ) .  Sediment s l u r r i e s  (50%) o f  S i t e  1, 
0 . 2  m -deep, n e a r - s u r f a c e  m a t e r i a l  w ere  d isp e n s e d  i n t o  t r i p l i c a t e  
s e t s  o f  an ae ro b e  tu b e s  and m o n ito red  f o r  m ethane p ro d u c t io n  f o r  
45 d a y s .  In v i t r o  m e th an o g en es is  i s  g iv e n  as  ymol m ethane  p ro ­
duced ( a t  30° C) p e r  gram s e d im e n t ,  d ry  w e ig h t ,  from th e  tu b e  i n  each 
s e t  y i e l d i n g  th e  maximum m ethane p r o d u c t io n .  Each v a lu e  was c o r ­
r e c t e d  f o r  m e th an o g en es is  from endogenous p r e c u r s o r s  i n  t r i p l i c a t e  
c o n t r o l  tu b e s  t h a t  r e c e iv e d  no added s u b s t r a t e s .
glucose
carbon monoxide
ce l lo b io se
0  10 2 0  3 0  4 0  5 0  
Days
F ig u re  10. In v i t r o  m e th an o g en es is  w i th  tim e  from th e  a d d i t i o n  o f  
s e p a r a t e  100 ymol q u a n t i t i e s  o f  p y ru v a te  (O— O ) ;  p r o p io n a te  ( □ —□  ) 
and d i m e t h y l s u l f i d e  ( A - A ) *  Sedim ent s l u r r i e s  (50%) o f  S i t e  1,
0 .2  m -deep, n e a r - s u r f a c e  m a t e r i a l  w ere  d is p e n s e d  i n t o  t r i p l i c a t e  
s e t s  o f  an ae ro b e  tu b e s  and m o n ito red  f o r  m ethane p ro d u c t io n  f o r  
45 d a y s .  In  v i t r o  m e th a n o g en e s is  i s  g iv e n  a s  ymol m ethane p ro ­
duced p e r  gram s e d im e n t ,  d ry  w eigh t ',  from th e  tu b e  i n  each s e t  
y i e l d i n g  th e  maximum m ethane p r o d u c t io n .  Each v a lu e  was c o r r e c t e d  
f o r  m e th an o g en es is  from endogenous p r e c u r s o r s  i n  t r i p l i c a t e  c o n t r o l  
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F ig u re  11. In v i t r o  m e th an o g en es is  w i th  tim e  from th e  a d d i t i o n  o f  
s e p a r a t e  100 ymol q u a n t i t i e s  o f  c h o l in e * C l  ( 0 —0 ) ;  and 0.01A g p e r  
tu b e  q u a n t i t i e s  o f  p e c t i n  ( □ —□  ) ;  and p o l y p e c t a t e  ( • — • ) .  S e d i­
ment s l u r r i e s  (50%) o f  S i t e  1, 0 .2  m -deep, n e a r - s u r f a c e  m a t e r i a l  were 
d isp e n se d  i n t o  t r i p l i c a t e  s e t s  o f  a n a e ro b e  tu b es  and m o n ito red  f o r  
methane p r o d u c t io n  f o r  7 d a y s .  In v i t r o  m e th an o g en es is  i s  g iv e n  as 
t o t a l  ymol m ethane p roduced  a t  30° C from th e  tu b e  i n  each s e t  
y i e l d i n g  th e  maximum m ethane p r o d u c t io n .  Each v a lu e  was c o r r e c t e d  
f o r  m e th an o g en es is  from endogenous p r e c u r s o r s  i n  t r i p l i c a t e  c o n t r o l  
tu b e s  t h a t  r e c e iv e d  no added s u b s t r a t e s .
cholinc-CI
6 0 -
p e c t in
Days
I n h i b i t i o n  o f  M ethanogenes is
The a d d i t i o n  o f  0.1% c h lo ro fo rm  to  S i t e  1 sed im en t sam ples  (7 .2  
m-deep) caused  a 90% d e c r e a s e  i n  methane p ro d u c t io n  (F ig .  1 2 ) .  I n ­
h i b i t i o n  o f  m e th an o g en es is  i n  sam ples  from d e p th s  o f  0 .2  and 3 .1  was 
a l s o  o b s e rv e d ,  b u t  th e  d e g re e  o f  i n h i b i t i o n  was o f  a  l e s s e r  m agn itude  
th a n  i n  th e  7 .2  m sam ple . The a d d i t i o n  o f  up to  0.1% B - f l u o r o a c e t a t e  
d id  n o t  in f l u e n c e  m e th an o g en es is  i n  sam ples  from 0 . 2 ,  3 .1 ,  o r  7 .2  m 
(F ig .  13 ).  F ig u re  14 shows t h a t  th e  a d d i t i o n  o f  0.1% B - f l u o r o a c e t a t e  
to  0 .2  m-deep sed im en t d id  n o t  i n f l u e n c e  th e  i n i t i a l  p r o g r e s s  o f  
m e th an o g en es is  (no l a g  p e r io d  was o b s e r v e d ) ,  n o r  d id  i t  ap p ea r  to  
d im in is h  m e th an o g en es is  d u r in g  an  ex tended  in c u b a t io n  o f  16 days a t  
30° C. M ethanogenes is  w as, how ever, s e v e r e ly  r e t a r d e d  i n  t h e  p r e ­
sen c e  o f  a i r ,  fo rm ald eh y d e , and c h lo ro fo rm  (F ig .  1 4 ) .  The a d d i t i o n  
o f  5 mM KN0.J, and 2 .5  mM b ro m o e th a n e s u lfo n a te  (BrES) a l s o  i n h i b i t e d  
m e th an o g en es is  (100%, and 82-100%, r e s p e c t i v e l y ) ,  and i t  was n o t  r e ­
v e r s e d  by th e  p re s e n c e  o f  100 ymol added +  CO2  (80%-20%, v o l / v o l )  
as  a  ca rb o n  and energy  s o u rc e  (F ig .  1 5 ) .
The e f f e c t s  o f  added s u l f i d e ,  and s u l f i d e  p lu s  H2  + CO2  a r e  
shown i n  F ig u re s  15 and 16. The a d d i t i o n  o f  0 .1  mM s u l f i d e  caused  a 
s l i g h t  s t i m u l a t i o n  (0 .0 6  ymol CH^/g sed im en t a t  45 days) o f  m ethano­
g e n e s i s  above c o n t r o l  v a l u e s .  S t i m u la t io n  was g r e a t e r  w i th  added 
s u l f i d e  c o n c e n t r a t i o n s  r a n g in g  from 5-50 mM ( 0 .4 - 0 .5  ymol CH^/g 
sed im en t a t  45 d a y s ) . The a d d i t i o n  o f  100 mM s u l f i d e  i n i t i a l l y  i n ­
h i b i t e d  m e th an o g en es is  d u r in g  a  l a g  p e r io d  l a s t i n g  e ig h t  d a y s .  This  
was fo l lo w ed  by a s i z a b l e  s t i m u l a t i o n  o f  m e th an o g en es is  (0 .8  ymol 
CH^/g sed im en t a t  45 d ay s)  when compared to  unamended c o n t r o l s .
F ig u re  12. I n h i b i t o r y  e f f e c t  o f  c h lo ro fo rm  on i n  v i t r o  m ethano­
g e n e s i s  by S i t e  1 sed im en t  sam p le s .  C h lo ro fo rm , i n  c o n c e n t r a t i o n s  
from 0-0 .5% , was added to  t r i p l i c a t e  an ae ro b e  tu b e s  c o n ta i n in g  50% 
s l u r r i e s  o f  s ed im en t ta k e n  from d e p th s  o f  0 .2  m ( A —A ) ;  3 .1  m 
( □ —□  ) ;  7 .2  m (O — O ) ; and 17.9  and 30 .0  m ( • — •  ) .  The tu b e s  w ere  
in c u b a te d  f o r  16 days a t  30° C and th e n  a ssa y ed  f o r  m ethane. In  
v i t r o  m e th an o g en es is  i s  g iv e n  as  ymol m ethane p roduced  p e r  gram 









F ig u r e  13. E f f e c t  o f  $ - f l u o r o a c e t a t e  on i n  v i t r o  m e th an o g en es is  by 
S i t e  1 sed im en t  sam p le s .  B - f l u o r o a c e t a t e ,  i n  c o n c e n t r a t i o n s  ra n g in g  
from 0-0 .1% , was added to  t r i p l i c a t e  a n ae ro b e  tu b e s  c o n ta in in g  50% 
s l u r r i e s  o f  s ed im en ts  t a k e n  from d e p th s  o f  0 .2  m ( □ —□  ) ;  3 .1  m 
( A - A ) ; 7 .2  m (O — O ) ;  and 17 .9  and 30 .0  m ( • —• ) .  The tu b e s  
w ere  in c u b a te d  f o r  16 days a t  30° C and a ssa y ed  f o r  m ethane . In  
v i t r o  m e th an o g en es is  i s  g iv e n  a s  ymol m ethane produced  p e r  gram 
s e d im e n t ,  dry  w e ig h t ,  from th e  tu b e  i n  each  s e t  y i e l d i n g  th e  maximum 
m ethane p r o d u c t io n .
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F ig u re  14. E f f e c t  o f  m e th a n o g en e s is  i n h i b i t o r s  w i th  tim e  on m ethane 
p ro d u c t io n  by S i t e  1, 0 .2  m -deep, n e a r - s u r f a c e  sed im en t sam p le s .  
B - f l u o r o a c e t a t e  ( □ —□  ) ,  0.1%; c h lo ro fo rm  ( • — •  ) ,  0.1%; fo rm a ld e ­
hyde ( ■ —■ ) ,  0 .1  ml o f  a  37% s o l u t i o n ;  and a i r  (O— O ) ,  17 m l ,  w ere  
each added to  t r i p l i c a t e  s e t s  o f  an ae ro b e  tu b es  c o n ta i n in g  50% 
sed im en t s l u r r i e s .  In v i t r o  m e th an o g en es is  (30° C) was m o n ito red  
f o r  16 days and compared to  m ethane p ro d u c t io n  i n  t r i p l i c a t e  con­
t r o l  tu b e s  t h a t  r e c e iv e d  no added i n h i b i t o r s .  M ethanogenes is  i s  
g iv e n  as  nmol m ethane p roduced  p e r  gram s e d im e n t ,  d ry  w e ig h t ,  from 
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F ig u re  15. E f f e c t  o f  m e th an o g en es is  i n h i b i t o r s  and p o t e n t i a l l y  i n ­
h i b i t o r y  compounds w i th  t im e  on m ethane p r o d u c t io n  by S i t e  1, 0 .2  m- 
d eep , n e a r - s u r f a c e  sed im en t s a m p le s .  2 .5  mM b ro m o e th a n e s u lfo n ic  
a c i d ,  BrES ( D - D ) ;  5 mM KNOg (O —O ) ;  100 mM s u l f i d e  ( A —A ) ;  and 
100 mM s u l f a t e  ( ■ — ■ ) ,  w ere  each added to  t r i p l i c a t e  50% s l u r r i e s  
o f  d e l t a  s ed im en t c o n ta i n in g  2 .2 5  ml o f  H2  + CO2  (80%-20%, v o l / v o l )  
as  added carbon  and energy  s o u r c e s .  In v i t r o  m e th an o g en es is  (30° C) 
was m o n ito red  f o r  45 days and i s  g iv e n  a s  ymol m ethane p e r  gram 
se d im e n t ,  d ry  w e ig h t ,  from th e  tu b e  i n  each s e t  y i e l d i n g  th e  maxi­
mum m ethane p r o d u c t io n .  C o n tro l  tu b e s  ( • — •  ) c o n ta in e d  2 .2 5  ml o f  
H2  + CO2  (80%-20%, v o l / v o l )  w i th o u t  th e  a d d i t i o n  o f  i n h i b i t o r s .
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F ig u re  16. E f f e c t  o f  added s u l f i d e  on i n  v i t r o  m e th an o g en es is  by 
S i t e  1, 0 .2  m -deep, n e a r - s u r f a c e  s e d im e n ts .  Na2S*9H20, i n  concen­
t r a t i o n s  o f  0 , c o n t r o l  (U — □  ) ;  0 .1  mM (O— O ) ; 5 mM ( ■ — ■ ) ;  10 mM 
( # —• ) ;  25 mM ( □ —□ ) ;  50 mM ( A - A ) ; and 100 mM ( O —O ) ,  was 
added to  t r i p l i c a t e  s e t s  o f  a n a e ro b e  tu b e s  c o n ta i n in g  50% sed im en t 
s l u r r i e s .  In v i t r o  m e th an o g en es is  (30° C) was m o n ito red  f o r  45 
days and i s  g iv e n  as  ymol m ethane p roduced  p e r  gram s e d im e n t ,  dry  
w e ig h t ,  from th e  tu b e  i n  each  s e t  y i e l d i n g  th e  maximum m ethane 
p r o d u c t io n .
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Added s u l f a t e ,  i n  c o n c e n t r a t i o n s  ra n g in g  from 0 .1  to  100 mM, 
a p p ea red  to  have  no i n h i b i t o r y  e f f e c t  on m e th a n o g e n e s is ,  b u t  i n s t e a d ,  
s t im u la t e d  m e th an o g en es is  ( 0 .6 - 0 .9  ymol CH^/g s e d im e n t)  above th e  con­
t r o l  v a lu e  (F ig .  17 ).  With t h e  a d d i t i o n  o f  100 mM s u l f a t e ,  no l a g  
p e r io d  was e v id e n t .
The e f f e c t  on m e th an o g en es is  by th e  a d d i t i o n  o f  50-5000 mM NaCl 
to  0 .2  m-deep sed im en t i s  shown i n  F ig u re  18. I n i t i a l  m e th an o g en es is  
(days 0 -8 )  ap p ea red  to  be  u n a f f e c t e d  by added NaCl i n  c o n c e n t r a t i o n s  
r a n g in g  from 50-2000 mM. However, i n i t i a l  m e th an o g en es is  was s e v e r e ly  
i n h i b i t e d  by 3000 and 5000 mM NaCl. M ethanogenes is  i n  th e  p re s e n c e  o f  
3000 mM added NaCl re c o v e re d  a f t e r  ab o u t  e i g h t  days and a p p ea red  n o t  
to  be i n h i b i t e d  a f t e r  13 days o f  i n c u b a t io n .  NaCl a t  a 5000 mM con­
c e n t r a t i o n  t o t a l l y  i n h i b i t e d  m e th an o g en es is  th ro u g h o u t  th e  45 day 
i n c u b a t io n  p e r i o d .  The r e s u l t s  o f  added NaCl (50-2000 mM) i n  th e  p r e ­
s e n c e  o f  an added ca rb o n  and energy  s o u rc e  (100 ymol H2  + CO2 , 80%-20%, 
v o l / v o l )  a r e  shown i n  F ig u r e  19. NaCl i n  th e  ra n g e  o f  50-1000 mM d id  
n o t  i n h i b i t  m e th a n o g e n e s is .  However, m e th an o g en es is  i n  2000 mM NaCl 
was t o t a l l y  i n h i b i t e d .  I t  i s  th u s  a p p a r e n t  t h a t  th e  a d d i t i o n  o f  a 
c a rb o n  and energy  s o u rc e  a m p l i f i e d  th e  i n h i b i t o r y  e f f e c t  o f  e l e v a t e d  
NaCl c o n c e n t r a t i o n s ,  and showed t h a t  m e t a b o l i c a l l y  a c t i v e  m ethanogens 
w ere s e n s i t i v e  to  2M NaCl, a c o n c e n t r a t i o n  which i s  a p p ro x im a te ly  
4 t im e s  g r e a t e r  th a n  th e  norm al i n  s i t u  c o n c e n t r a t i o n  (0 .5  M).
Optimum T em p era tu re  f o r  M ethanogenes is
Depending on th e  c o n d i t i o n s  u n d e r  which th e  d e l t a  s ed im en ts  were  
in c u b a t e d ,  th e  optimum te m p e ra tu re  f o r  m e th an o g en es is  v a r i e d  betw een
F ig u re  17. E f f e c t  o f  added s u l f a t e  on i n  v i t r o  m e th an o g en es is  by 
S i t e  1, 0 .2  m -deep, n e a r - s u r f a c e  s e d im e n ts .  M g S O ^ '? !^ ,  i n  concen­
t r a t i o n s  o f  0 ,  c o n t r o l  (O—- O ) ; 0 .1  mM ( □ —□  ) ;  0 .5  mM (A —A ) ;
25 mM ( • — • ) ;  and 100 mM (O— O ) ,  was added to  t r i p l i c a t e  s e t s  o f  
an ae ro b e  tu b e s  c o n ta i n in g  50% sed im en t  s l u r r i e s .  In v i t r o  m ethano­
g e n e s i s  (30° C) was m o n ito red  f o r  45 days and i s  g iv e n  as ymol 
m ethane produced  p e r  gram s e d im e n t ,  dry  w e ig h t ,  from th e  tu b e  i n  
each s e t  y i e l d i n g  th e  maximum m ethane p r o d u c t io n .
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F ig u r e  18. E f f e c t  o f  added NaCl on i n  v i t r o  m e th an o g en es is  by S i t e  1, 
0 .2  m -deep, n e a r - s u r f a c e  s e d im e n ts .  NaCl, i n  c o n c e n t r a t i o n s  o f  50 mM 
( A —A ) ;  1000 mM (D —O ) :  2000 mM ( • — • ) ;  3000 mM (O— O ) ; and 
5000 mM ( □ — □  ) ,  was added to  t r i p l i c a t e  s e t s  o f  an ae ro b e  tu b e s  
c o n ta i n in g  50% sed im en t s l u r r i e s .  In v i t r o  m e th an o g en es is  (30° C) 
was m o n ito red  f o r  45 days and i s  g iv e n  a s  pmol m ethane p roduced  p e r  
gram se d im e n t ,  dry  w e ig h t ,  from th e  tu b e  i n  each s e t  y i e l d i n g  th e  
maximum m ethane p r o d u c t io n .  The r e s u l t s  o f  th e  c o n t r o l  tu b e s  a r e  
shown i n  F ig .  17.
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F ig u re  19. E f f e c t  o f  added NaCl on i n  v i t r o  m e th an o g en es is  by 
S i t e  1, 0 .2  m -deep , n e a r - s u r f a c e  sed im en ts  i n  th e  p re s e n c e  o f  CO2  
p lu s  Hg* NaCl, i n  c o n c e n t r a t i o n s  o f  50 mM ( □ —□  ) ;  100 mM ( £ r " & ) ; 
1000 mM (O— O ) ;  and 2000 mM ( • — ♦ ) ,  was added to  t r i p l i c a t e  s e t s  
o f  an ae ro b e  tu b es  c o n ta i n in g  50% s l u r r i e s  o f  d e l t f l  s e d im e n ts  p lu s  
2 .2 5  ml o f  Hg + C09 (80%-20%, v o l / v o l )  as  carbon  and energy  s o u r c e s .  
In v i t r o  m e th an o g en es is  was m o n ito red  f o r  45 days and i s  g iv e n  as 
ymol m ethane  p roduced  p e r  gram s e d im e n t ,  d ry  w e ig h t ,  from th e  tu b e  
i n  each s e t  y i e l d i n g  th e  maximum m ethane p r o d u c t io n .
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35 and 50° C. F ig u re  20 shows m e th an o g en es is  i n  u n a d u l t e r a t e d ,  0 .2  
m-deep sed im en ts  t h a t  were in c u b a te d  a t  te m p e ra tu re s  ra n g in g  from 20- 
50° C. The optimum te m p e ra tu re  i n  u n d i lu te d  sed im en ts  was 45° C.
A f te r  an in c u b a t io n  p e r io d  o f  18 d a y s ,  th e  m ethane p ro d u c t io n  a t  45° C 
was 2000 tim es  g r e a t e r  th a n  i n  sed im en ts  in c u b a te d  a t  th e  i n  s i t u  
t e m p e ra tu re  o f  20° C. A f t e r  18 days o f  i n c u b a t i o n ,  th e  sed im en ts  t h a t  
w ere  h e ld  a t  45 and 50° C showed a d e c r e a s e  i n  m ethane l e v e l s ,  p r e ­
sumably due to  a n a e ro b ic  o x i d a t i o n  o f  m ethane ( s e e  b e lo w ) .
M ethanogenes is  i n  s ed im e n ts  t h a t  were  d i l u t e d  to  a 50% s l u r r y  
(as p r e v io u s ly  d e s c r ib e d )  showed a s l i g h t l y  d i f f e r e n t  re s p o n s e  to  
te m p e ra tu re  (F ig .  2 1 ) .  The optimum te m p e ra tu re  f o r  i n i t i a l  m ethano­
g e n e s is  i n  50% sed im en t s l u r r i e s  was 45-50°  C. A f t e r  ab o u t  10 days 
o f  i n c u b a t i o n ,  th e  h i g h e s t  r a t e  o f  m e th an o g en es is  o c c u r re d  a t  50° C. 
A f te r  28 days o f  i n c u b a t i o n ,  m e th an o g en es is  a t  50° C was 45 t im es 
g r e a t e r  th a n  a t  20° C. Methane consum ption  i n  ex ten d ed  in c u b a t io n s  . 
a t  45 -50°  C ( lo n g e r  th a n  30 d ay s)  was o f  a l e s s e r  m agn itude  i n  50% 
sed im en t s l u r r i e s  th a n  i n  u n d i lu t e d  s e d im e n ts .  Methane p ro d u c t io n  
i n  u n d i lu te d  sed im en t a t  th e  optimum te m p e ra tu re  o f  45° C was 10 t im es  
g r e a t e r  th a n  i n  50% sed im en t  s l u r r i e s  a t  an optimum te m p e ra tu re  o f  
50° C (b o th  v a lu e s  n o rm a liz e d  to  ]Jmol CH^ produced  p e r  g s e d im e n t ,  
d ry  w e ig h t ) .
When 100 ]imol +  CO2  (80%-20%, v o l / v o l )  was added to  50% s e d i ­
ment s l u r r i e s ,  th e  optimum te m p e ra tu re  f o r  m e th an o g en es is  was 35-40°  C 
(F ig .  2 2 ) .  M ethanogenes is  was low er a t  te m p e ra tu re s  o f  20 , 30 , and 
45° C, and e x tre m e ly  low a t  50° C.
F ig u re  20. Optimum te m p e ra tu re  f o r  i n  v i t r o  m e th an o g en es is  in  
u n a d u l t e r a t e d  S i t e  1, 0 .2  m -deep , n e a r - s u r f a c e  s e d im e n ts .  In  v i t r o  
m e th an o g en es is  was m o n ito red  i n  t r i p l i c a t e ,  u n d i lu t e d  sed im en t sam­
p l e s  f o r  45 days a t  th e  fo l lo w in g  t e m p e r a t u r e s : 20° C ( #  0) ; 30° C 
( ■ —• ) ;  35° C (A —A ) ; 40° C ( □ —□  ) ;  45° C ( 0 —0 ) ;  and 50° C 
(A —A ) . Methane p ro d u c t io n  i s  g iv e n  as  ymol m ethane produced  p e r  
gram s e d im e n t ,  dry  w e ig h t ,  from th e  tu b e  i n  each s e t  y i e l d i n g  th e  
maximum methane p r o d u c t io n .
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F ig u r e  21. Optimum te m p e ra tu re  f o r  i n  v i t r o  m e th an o g en es is  i n  S i t e  1, 
0 .2  m -deep, n e a r - s u r f a c e  s e d im en t  s l u r r i e s .  In v i t r o  m e th an o g en es is  
was m o n ito red  i n  t r i p l i c a t e  50% sed im en t s l u r r i e s  f o r  45 days s t  th e  
f o l lo w in g  te m p e r a tu r e s :  20° C ( • — • ) ;  30° C ( ■ — ■  ) ;  35° C (▲—A ) ;  
40° C ( □ — □ ) ;  45° C (O— O ) ; and 50° C ( & - A ) . Methane p r o d u c t io n  
i s  g iv en  as pmol m ethane p roduced  p e r  gram s e d im e n t ,  d ry  w e ig h t ,  from 
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F ig u re  22. Optimum te m p e ra tu re  f o r  i n  v i t r o  m e th an o g en es is  i n  
S i t e  1 , 0 .2  m -deep , n e a r - s u r f a c e  sed im en t s l u r r i e s  c o n ta in in g  added 
CO  ̂ + H? as  carbon  and energy  s o u r c e s .  In v i t r o  m e th an o g en es is  
was m on ito red  i n  t r i p l i c a t e  s e t s  o f  50% sed im en t s l u r r i e s  f o r  45 
days a t  th e  fo l lo w in g  t e m p e r a tu r e s :  20° C ( ■ — ■ ) ;  30° C ( 0 — 0 ) ;
35° C ( • — • ) ;  40° ( A - A ) ;  45° C ( □ —□ ) ;  and 50° C (Ar-A). The 
sed im en t s l u r r i e s  each r e c e iv e d  2 .2 5  ml + CO2  (80%-20%, v o l / v o l ) .  
Methane p ro d u c t io n  i s  g iv en  as  t o t a l  ymol m ethane  produced  from 
th e  tu b e  i n  each  s e t  y i e l d i n g  th e  maximum m ethane p r o d u c t io n .
97
1 0 0 0 -
o 100-
D a y s
Changes i n  pH and D uring  M ethanogenesis
The r e s u l t s  o f  f o u r  s e p a r a t e  sed im en t  microcosm ex p e r im en ts  a r e  
shown i n  F ig u r e  23. M ethane p r o d u c t io n ,  pH, and Ejj were  m o n ito red  f o r  
27 days i n  fo u r  r e a c t i o n  v e s s e l s .  In  each e x p e r im e n t ,  t h e  i n i t i a l  E^ 
was w i t h i n  t h e  ra n g e  o f  -3 0 0  to  -3 5 0  mV, which i s  w e l l  below th e  v a lu e  
n e c e s s a ry  t o  promote m e th a n o g e n e s is .  In  g e n e r a l ,  t h e  Ej, v a lu e s  l e v e l e d  
o f f  be tw een -300  to  -3 7 5  mV. The pH i n  each r e a c t i o n  v e s s e l  was d i f ­
f e r e n t ,  and g e n e r a l l y  rem ained  c o n s t a n t  th ro u g h o u t  th e  i n c u b a t io n  
p e r i o d .  The pH i n  th e  f o u r  r e a c t i o n  v e s s e l s  ranged  from 6 .9  t o  8 .2 .  
Methane p ro d u c t io n  i n  each r e a c t i o n  v e s s e l  peaked  i n i t i a l l y  a f t e r  
5 days o f  i n c u b a t io n ,  and th e n  d e c re a se d  m a rk ed ly .  Methane p ro d u c t io n  
i n  r e a c t i o n  v e s s e l  1 c o n t in u e d  to  d e c l i n e ,  w h i le  i n  r e a c t i o n  v e s s e l  2 
i t  rem ained  c o n s t a n t  th ro u g h o u t  th e  27 day in c u b a t io n  p e r i o d .  In  
r e a c t i o n  v e s s e l s  3 and 4 , how ever, m ethane  p r o d u c t io n  resumed a f t e r  
8 days o f  in c u b a t io n  and c o n t in u e d  to  i n c r e a s e  th ro u g h o u t  th e  in c u ­
b a t io n  p e r i o d .  Only i n  r e a c t i o n  v e s s e l  4 d id  m ethane p r o d u c t io n  a t  
th e  end o f  th e  27 day i n c u b a t io n  p e r io d  exceed  t h a t  o f  th e  i n i t i a l  
peak  on day 5.
M ethanogenes is  from ^ C - a c e t a t e
The p ro d u c t io n  o f^ C H ^  from ^ C - 1 - a c e t a t e  and ^ C - 2 - a c e t a t e  by 
E a s t  Bay sed im en t i s  shown i n  T ab le  7. I n  5 o u t  o f  7 sam ples  (from 
d e p th s  o f  0 .0 7 5 -2 9 .0  m below  th e  s e d im e n t- w a te r  i n t e r f a c e ) ,  more 
^CH ^ was d e r iv e d  from th e  C-2, m e th y l  c a rb o n  th a n  from th e  C - l ,  c a r ­
b o x y l ca rb o n  o f  a c e t i c  a c i d .  The r a t i o s  o f  C -2 -d e r iv e d  l a b e l  to  C - l -  
d e r iv e d  l a b e l  i n  th e s e  5 sam ples  ranged  from 6 .1 :1  to  4 6 .5 : 1 .  The
F ig u r e  23. Measurement o f  changes in  redox  p o t e n t i a l  (E^) and pH 
d u r in g  in  v i t r o  m e th an o g en es is  by S i t e  1, 0 .2  m -deep, n e a r - s u r f a c e  
s e d im e n ts .  In  v i t r o  m e th an o g en es is  was m on ito red  f o r  27 days in  
f o u r  o n e - l i t e r  r e a c t i o n  v e s s e l s  c o n s t r u c te d  a c c o rd in g  to  th e  d e s ig n  
o f  P a t r i c k ,  e t  a l .  (4 5 ) .  Methane p r o d u c t io n  ( O —O );  ( □ —□ ) ;
and pH (A —A )  were each m o n ito red  on a d a i l y  b a s i s .  Each r e a c t i o n  
v e s s e l  c o n ta in e d  400 g o f  a 50% sed im en t s l u r r y  m a in ta in e d  under 
a N2  a tm osphere  a t  30° C.
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T ab le  7 . P r o d u c t io n  o f  from ^ C -  1 - a c e t a t e  and ^ C - 2 - a c e t a t e
by m ethanogen ic  d e l t a  s a m p le s .  E a s t  Bay sed im en t  sam ples  from 
d ep th s  ra n g in g  from 0 .0 7 5 - 2 9 .0  m were g iv e n  l a b e l e d  a c e t a t e  and 
in c u b a te d  f o r  10 days a t  30° C. The p r o d u c t io n  o f  from th e
C -l and C-2 l a b e l e d  ca rb o n s  o f  a c e t a t e  a r e  g iv e n  as  dpm, c o r r e c t e d  
f o r  background . The r a t i o  o f  C-2/C-1 dpm a r e  l i s t e d  i n  th e  column 
t o  t h e  f a r  r i g h t .
Production of ,4CH4 from l4C -l-ace ta te  and ,4C -2-aceta te  by 
Metbanogenic M ississippi R iver Delta Samples
,4CH4 Produced from:
Depth (m) l4C -l-ace ta te  ,4C -2-aceta te  C-2/C-I Ratio
0 .075 15 II 0 .7
0 .7 5 3 9 4 5 7  . 11.7
1.5 65 5 3 0 .8
2 .9 3 5 1005 2 8 .7
3 .6 561 6194 II.0
11.2 13 6 0 4 4 6 .5
2 9 .0 17 103 6.1
g r e a t e s t  fo r m a t io n  o f  *^CH^ from b o th  1 - a c e t a t e  and 2 - a c e t a t e  
o c c u r re d  i n  t h e  sed im en t  sam ples  from a d e p th  o f  3 .6  m. The h ig h  
C-2/C-1 r a t i o s  i n d i c a t e  t h a t  a c e t a t e - u t i l i z i n g  m ethanogens w ere  p r e ­
s e n t  i n  t h e  sed im en t  s a m p le s ,  and t h a t  t h e  m ethy l c arbon  o f  a c e t a t e  
was th e  p r e f e r r e d  ca rb o n  f o r  r e d u c t i o n  to  m ethane.
P h y s i o l o g i c a l  C h a r a c t e r i z a t i o n  o f  D esulfovibrio  and Desulfotomaculum
I s o l a t e s
The growth c h a r a c t e r i s t i c s  o f  th e  75 D esulfovibrio  and 5 Desulfo­
tomaculum i s o l a t e s  a r e  l i s t e d  i n  T ab les  8  and 9 ,  r e s p e c t i v e l y .  In  
a d d i t i o n  to  growth on l a c t a t e  p lu s  s u l f a t e ,  a l l  75 D esulfovibrio  
i s o l a t e s  grew on p y ru v a te  and m a la t e .  Only 17 o f  th e  75 i s o l a t e s  were  
a b l e  to  grow on c h o l i n e .  None w ere  a b l e  to  u t i l i z e  a c e t a t e  o r  fo rm a te .  
A l l  75 i s o l a t e s  w ere  h ig h ly  r e s i s t a n t  to  th e  a n t i b i o t i c  H i b i t a n e ,  and 
a l l  p roduced  th e  p igm ent d e s u l f o v i r i d i n .  None o f  th e  i s o l a t e s  grew 
i n  th e  a b se n c e  o f  3% NaCl, o r  a t  55° C.
T ab le  9 l i s t s  s i m i l a r  t e s t s  on th e  growth c h a r a c t e r i s t i c s  o f  th e
5 Desulfotomaculum i s o l a t e s .  Growth o c c u r re d  w i th  l a c t a t e ,  p y r u v a te ,  
and m a la t e ,  b u t  o n ly  i n  t h e  p re s e n c e  o f  s u l f a t e .  No grow th o c c u r re d
on c h o l i n e ,  a c e t a t e ,  o r  f o r m a te .  The 5 Desulfotomaculum i s o l a t e s  were
v e ry  s e n s i t i v e  to  H ib i t a n e .  Four o u t  o f  f i v e  w ere u n a b le  to  t o l e r a t e  
2 .5  yg /m l H ib i t a n e ,  and none grew i n  10 y g /m l .  None o f  th e  Desulfo­
tomaculum i s o l a t e s  p roduced  d e s u l f o v i r i d i n ,  grew i n  media w i th o u t  
added NaCl, o r  a t  55° C.
The minimum NaCl r e q u i r e m e n t  o f  a r e p r e s e n t a t i v e  s t r a i n  o f  th e  
D esu lfov ibrio  and Desulfotomaculum i s o l a t e s  i s  shown i n  F ig u r e  24. 
D esu lfov ibrio  f a i l e d  to  grow i n  3% NaCl, o r  l e s s .  Growth i n  3.5%
T ab le  8 . P h y s io l o g i c a l  c h a r a c t e r i s t i c s  o f  D esulfovibrio  i s o l a t e s  
(75 s t r a i n s ) .  The D esu lfovibrio  i s o l a t e s  were o b ta in e d  from S i t e  1,
0 . 2  m -deep , n e a r - s u r f a c e  sed im en ts  and were t e s t e d  f o r  t h e i r  a b i l i t y  
to  grow on f i v e  d i f f e r e n t  c arbon  s o u rc e s  ( in  a d d i t i o n  to  l a c t a t e )  
b ased  upon th e  taxonom ic c r i t e r i a  o f  P o s tg a te  and Campbell (5 0 ) .  
Growth o f  th e  i s o l a t e s  was accom plished  i n  a n a e ro b ic  b r o th  tu b e s  
supp lem en ted  w i th  s u b s t r a t e s ,  a s  i n d i c a t e d .  P o s i t i v e  growth r e ­
s u l t e d  i n  t u r b i d i t y  a n d /o r  b la c k e n in g  o f  th e  medium.
Physiological Characteristics of Desulfovibrio Isolates (75 strains)
Growth Conditions Num ber of Isolates
pyruvate plus sulfate 75
pyruvate w/o sulfate 75
malate plus sulfate 75
choline w/o sulfate 17
acetate plus sulfate 0
formate plus sulfate 0
resistance to 1000 pg/ml Hibitane 75
production of desulfoviridin 75
growth in NaCl-free media 0
growth at 55° C 0
T ab le  9 . P h y s io l o g i c a l  c h a r a c t e r i s t i c s  o f  Desulfotomaculum i s o ­
l a t e s  (5 s t r a i n s ) .  The Desulfotomaculum i s o l a t e s  were o b ta in e d  
from S i t e  1, 0 .2  m -deep , n e a r - s u r f a c e  sed im en ts  and w ere  t e s t e d  f o r  
t h e i r  a b i l i t y  to  grow on f i v e  d i f f e r e n t  c arbon  s o u rc e s  ( i n  a d d i t i o n  
to  l a c t a t e )  based  upon th e  taxonom ic c r i t e r i a  o f  P o s tg a t e  and Camp­
b e l l  (5 0 ) .  Growth o f  th e  i s o l a t e s  was accom plished  i n  a n a e ro b ic  
b r o th  tu b e s  supp lem en ted  w i th  s u b s t r a t e s ,  a s  i n d i c a t e d .  P o s i t i v e  
growth r e s u l t e d  i n  t u r b i d i t y  a n d /o r  b la c k e n in g  o f  th e  medium.
Physiological Characteristics of Desulfotomaculum Isolates (5 strains)
Growth Conditions Number of  Isolates
pyruvate plus sulfate 5
pyruvate w/o sul fa te 0
malate plus sulfate 5
choline w/o sul fa te 0
acetate plus sulfate 0
formate  plus sul fate 0






production of desulfoviridin 0
growth in NaCl-free media 0
growth at 55°C 0
F ig u re  24. R equirem ent o f  NaCl f o r  grow th o f  r e p r e s e n t a t i v e  DeSulfo
v ib r io  and Desulfotomaculum i s o l a t e s .  The i s o l a t e s  w ere  grown a t  
o
35 C i n  P o s t g a t e ' s  en r ic h m en t  medium (49) c o n ta i n in g  l a c t a t e  p lu s  
s u l f a t e  w i th  NaCl c o n c e n t r a t i o n s  ra n g in g  from 0-5%. A bsorbance a t  
660 nm (Aggp) o f  n i n e t y - s i x  h o u r  o ld  c u l t u r e s  was m easured  w i th  a 
Bausch and Lomb S p e c t ro n ic  20 s p e c t r o p h o to m e te r .






o. NaCl in Growth Medium
NaCl ( th e  ap p ro x im a te  i n  s i t u  c o n c e n t r a t i o n  i n  th e  d e l t a  s e d im e n ts )  
was n e a r l y  as  g r e a t  a s  t h a t  a t  t h e  optimum NaCl c o n c e n t r a t i o n  o f  4%.
The minimum NaCl r e q u i re m e n t  o f  t h e  D esulfo tom aculum  I s o l a t e s  was n o t  
a s  r e s t r i c t i v e .  I t  f a i l e d  to  grow i n  1% NaCl, b u t  grew s lo w ly  i n  1.5% 
NaCl. Optimum growth o c c u r re d  in  3.5% NaCl, and h i g h e r .
The optimum growth te m p e ra tu re  o f  th e  r e p r e s e n t a t i v e  Desulfo­
v ib r io  and Desulfotomaculum i s o l a t e s  i s  shown i n  F ig u re  25. Growth 
o f  each o c c u r re d  i n  th e  ra n g e  o f  20-40° C, w i th  an optimum growth 
te m p e ra tu re  o f  30° C. No grow th o c c u r re d  a t  50° C, o r  h i g h e r .
P h o to -  and E le c t ro n -M ic ro s c o p y  o f  S u l f a t e - R e d u c e r  I s o l a t e s
A l l  75 D esulfovibrio  i s o l a t e s  w ere  v i b r i o - s h a p e d  c e l l s  and 
m easured 3-5  pm lo n g  by 0 .6  ym w ide . C e l l s  from o ld e r  c u l t u r e s  (one 
week) were somewhat l o n g e r  and s p i r a l - l i k e .  M o rp h o lo g ic a l ly ,  a l l  75 
D esu lfovibrio  i s o l a t e s  w ere  i d e n t i c a l  to  th e  c e l l s  shown i n  F ig u re  
26, A and B. E l e c t r o n  m ic ro s c o p ic  e x a m in a t io n  o f  c e l l s ,  n e g a t i v e l y  
s t a i n e d  w i th  1% p h o s p h o tu n g s ta te  (F ig .  26A), showed t h a t  t h e  Desulfo­
v ib r io  i s o l a t e  had a  s i n g l e ,  p o l a r  f l a g e l lu m .  A Nomarski i n t e r f e r e n c e  
pho to m ic ro g rap h  o f  a r e p r e s e n t a t i v e ,  96 h o u r  o ld  c u l t u r e  o f  Desulfo­
v ib r io  i s  shown in  F ig u r e  26B. The D esu lfovibrio  i s o l a t e s  o f t e n  con­
t a in e d  1 -2  e l e c t r o n - d e n s e  b o d ie s  o f  unknown c o m p o s i t io n  (F ig .  26A).
The f i v e  Desulfotomaculum i s o l a t e s  w ere  ro d -sh a p e d  c e l l s  m easu rin g  
3-6  ym lo n g  by 1 .5  ym w id e .  The c e l l s  had b l u n t ,  rounded e n d s ,  and 
w ere  o f t e n  s e e n  i n  p a i r s  (F ig .  2 7 ) .  E l e c t r o n  m ic ro s c o p ic  examina­
t i o n  o f  c e l l s  n e g a t i v e l y  s t a i n e d  w i th  1% p h o s p h o tu n g s ta te  (F ig .  27A) 
showed t h a t  th e  Desulfotomaculum i s o l a t e  was p e r i t r i c h o u s l y  f l a g e l l a t e d .
F ig u re  25. Optimum growth te m p e ra tu re  o f  r e p r e s e n t a t i v e  Desulfo­
v ib r io  and Desulfotomaculum i s o l a t e s . The i s o l a t e s  w ere  grown in  
P o s t g a t e ' s  e n r ich m en t medium (49) c o n ta i n in g  l a c t a t e  p lu s  s u l f a t e  a t  
t e m p e ra tu re s  ra n g in g  from 20-60°  C. A bsorbance a t  660 nm (Ag^o) o f  
n i n e t y - s i x  h o u r  o ld  c u l t u r e s  was m easured w i th  a Bausch and Lomb 
S p e c t r o n ic  20 s p e c t r o p h o to m e te r .
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F ig u re  26 A. E l e c t r o n  m ic ro g rap h  o f  a r e p r e s e n t a t i v e  D esu lfovibrio  
i s o l a t e .  The c e l l  was n e g a t i v e l y  s t a i n e d  w i th  1% p h o s p h o tu n g s ta te  
and viewed i n  a JEL 100CX t r a n s m is s io n  e l e c t r o n  m ic ro sco p e  a t  a 
m a g n i f i c a t i o n  o f  23 ,000 X. The c e l l  p o s se s s e d  a s i n g l e  p o l a r  
f l a g e l lu m .  The b a r  r e p r e s e n t s  1 .0  ym.
F ig u re  26 B. Nomarski i n t e r f e r e n c e  p h o to m ic ro g rap h  o f  a r e p r e s e n t a ­
t i v e  96 h o u r  o ld  c u l t u r e  o f  a D esu lfovibrio  i s o l a t e  grown i n  P o s t ­
g a t e ' s  en r ich m en t medium (4 9 ) .  The i s o l a t e  was v ib r i o - s h a p e d  and 
m easured 3-5  ym by 0 .6  ym, and was h ig h ly  m o t i l e .  The b a r  r e p r e s e n t s  
1 0  ym.
t ifsM
'■ > W m
W B M m
115
F ig u re  27 A. E le c t r o n  m ic ro g rap h  o f  a r e p r e s e n t a t i v e  Desulfotomaculum 
i s o l a t e .  The c e l l  was n e g a t i v e l y  s t a i n e d  w i th  17, p h o s p h o tu n g s ta te  
and viewed i n  a  JEL 100CX t r a n s m is s io n  e l e c t r o n  m ic ro sco p e  a t  a 
m a g n i f i c a t io n  o f  8 ,600  X. The c e l l s  o f t e n  o c c u r r e d  i n  p a i r s  and 
w ere p e r i t r i c h o u s l y  f l a g e l l a t e d .  The f l a g e l l a  w ere  ex trem e ly  
f r a g i l e  and some were b ro k en  o f f  d u r in g  specim en  p r e p a r a t i o n .  The 
b a r  r e p r e s e n t s  1 . 0  ym.
F ig u re  27 B. Nomarski i n t e r f e r e n c e  p h o to m ic ro g rap h  o f  a r e p r e s e n t a ­
t i v e  96 h o u r  o ld  c u l t u r e  o f  a  Desulfotomaculum i s o l a t e  grown i n  
P o s t g a t e ' s  e n r ich m en t medium (4 9 ) .  The i s o l a t e  was ro d -sh a p ed  and 
m easured 3 -6  ym by 1 .5  ym, and e x h ib i t e d  a s lo w ,,  tu m b lin g  m o t i l i t y .
The b a r  r e p r e s e n t s  10 ym.

F ig u re  27B i s  a  Nomarski i n t e r f e r e n c e  ph o to m ic ro g rap h  o f  a  r e p r e s e n t ­
a t i v e  96 h o u r  o ld  c u l t u r e  o f  a  D esulfotom aculum  i s o l a t e .  F ig u re  28A 
i s  a  p h ase  c o n t r a s t  p h o to m ic ro g rap h  o f  a  week o ld  c u l t u r e  showing 
t h a t  t e r m in a l  to  s u b te r m in a l  e n d o sp o res  had formed w i t h i n  some o f  th e  
c e l l s .  P h a s e - t r a n s p a r e n t  r e g io n s  o f  unknown c o m p o s i t io n  were a l s o  
o b se rv ed  i n  some c e l l s .  The c e l l s  i n  7-10 day o ld  c u l t u r e s  u s u a l l y  
became rounded  and l a t e r  l y s e d ,  r e l e a s i n g  s p h e r i c a l ,  r e f r a c t i l e  
en d o sp o res  (F ig .  28B).
A ttem pted  I s o l a t i o n  o f  Methanogens
A ttem pts  to  i s o l a t e  m ethanogens from numerous sam ples  o f  d e l t a  
s ed im en ts  w ere  u n s u c c e s s f u l .  The m edia used  i n  t h e s e  a t te m p ts  (T ab les  
1 -3) c o n ta in e d  a v a r i e t y  o f  s u b s t r a t e s  and o t h e r  com ponents, and 
b a s i c a l l y ,  c o n s i s t e d  o f  v a r i a t i o n s  o f  th e  fo l lo w in g  f o u r  c o n s t i t u e n t s :  
( i )  a c a rb o n  s o u r c e ;  a c e t a t e ,  b i c a r b o n a t e ,  fo r m a te ,  N -m ethyl compounds, 
o r  m e th a n o l ;  ( i i )  v i t a m in s  a n d /o r  o t h e r  grow th f a c t o r s ;  y e a s t  e x t r a c t ,  
t r y p t i c a s e ,  and HS-CoM; ( i i i )  s a l t s  and m i n e r a l s ;  and ( iv )  re d u c in g  
a g e n ts  and a red o x  i n d i c a t o r ;  s u l f i d e ,  c y s t e i n e ,  and t h i o g l y c o l l a t e ,  
p lu s  r e s a z u r i n .  S e v e ra l  e x p e r im en ts  w ere  u n d e r ta k e n  to  i s o l a t e  p u re  
c u l t u r e s  o f  d e l t a  m ethanogens em ploying v a r i a t i o n s  o f  t h e s e  media 
(T ab les  1 - 3 ) .  N early  a l l  w ere  u s e f u l  i n  e n r i c h in g  f o r  m ethanogen ic  
b a c t e r i a  i n  b r o t h  c u l t u r e ,  b u t  a l l  f a i l e d  to  s u p p o r t  growth o f  meth­
anogens i n  e x t i n c t i o n  d i l u t i o n  t u b e s ,  r o l l  tu b e s  (2 5 ) ,  and a n a e ro b ic  
s t r e a k  p l a t e s  (2 1 ) .  I t  became a p p a r e n t  t h a t  some unknown growth f a c ­
t o r  was m is s in g  from t h e s e  m ed ia ,  and t h a t  i t  was v e ry  l i k e l y  t h a t  
some non-m ethanogen ic  o rg an ism s  grow ing i n  t h e  m ix e d -p o p u la t io n
F ig u r e  28 A. Phase c o n t r a s t  p h o to m ic ro g rap h  o f  a r e p r e s e n t a t i v e
96 h o u r  o ld  c u l t u r e  o f  a Desulfotomaculum i s o l a t e  grown i n  P o s t g a t e ’s* / . ..
e n r ic h m en t  medium (4 9 ) .  Some c e l l s  formed t e r m in a l  to  s u b te r m in a l  
e n d o sp o re s .  The b a r  r e p r e s e n t s  10 ym.
F ig u re  28 B. Nomarski i n t e r f e r e n c e  pho to m ic ro g rap h  o f  a  r e p r e ­
s e n t a t i v e  Desulfotomaculum i s o l a t e  grown i n  P o s t g a t e ' s  en r ich m en t 
medium (4 9 ) .  The rods  rounded up and l y s e d ,  r e l e a s i n g  s p h e r i c a l  
e n d o s p o re s .  The b a r  r e p r e s e n t s  10 ym.
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m ethanogen ic  e n r ic h m e n ts  w ere  s u p p ly in g  th e  unknown growth f a c t o r ( s ) .
To t e s t  t h i s  p o s s i b i l i t y ,  m eth an o g en ic  en r ic h m en ts  w ere  grown a t  35° C 
f o r  2 weeks and c e n t r i f u g e d  i n  lu s h e d ,  a n a e ro b e  tu b e s  t o  remove 
a l l  c e l l s .  The a n a e r o b ic  s u p e r n a t a n t  f l u i d  was f i l t e r  s t e r i l i z e d  and 
added t o  e x t i n c t i o n  d i l u t i o n  tu b e  m ed ia .  The a d d i t i o n  o f  c e l l - f r e e ,  
s p e n t  e n r ic h m en t  m edia  to  e x t i n c t i o n  d i l u t i o n ,  r o l l  t u b e ,  and a n a e ro b ic  
s t r e a k  p l a t e  m edia  d id  n o t  a i d  i n  t h e  i s o l a t i o n  o f  d e l t a  m ethanogens . 
The a d d i t i o n  o f  D - c y c lo s e r in e  and p e n i c i l l i n  (27) to  e n r ic h m en t  m edia 
i n  o r d e r  i n h i b i t  n o n -m e thanogen ic  c o n tam in an ts  a l s o  f a i l e d  to  s e l e c t  
f o r  m e thanogens . At t h e  t im e  o f  t h i s  w r i t i n g ,  a n o th e r  a t t e m p t  to  
su p p ly  unknown growth f a c t o r s  to  i s o l a t i o n  m edia  i s  underway u s in g  
c l a r i f i e d  rumen f l u i d .  W hether o r  n o t  t h i s  a d d i t i o n  w i l l  be  u s e f u l  
i s  a t  p r e s e n t  unknown.
From th e  v e ry  f i r s t  s u c c e s s f u l  m e thanogen ic  e n r ic h m en ts  o f  d e l t a  
s e d im e n ts ,  i t  was obv io u s  t h a t  a s i n g l e  m o rp h o lo g ic a l  group o f  m ic ro ­
o rgan ism s dom inated  th e  e n r ic h m en t  c u l t u r e s . The m ic ro o rg an ism s  w ere  
i r r e g u l a r l y  c o cc o id  i n  s h a p e ,  a p p ea re d  p h a s e -d e n s e  u n d e r  p h ase  c o n t r a s t  
m ic ro sc o p y ,  and m easured  1 -3  ym i n  d ia m e te r .  The c o cc o id  c e l l s  w ere  
e s p e c i a l l y  p r e v a l e n t  i n  m edia  c o n ta i n in g  m e th a n o l ,  and N -m ethyl com­
pounds (m ethy lam ine , t r i m e t h y l a m i n e ) . The c e l l s  w ere  e x tre m e ly  
s e n s i t i v e  to  m a n ip u la t io n  d u r in g  p r e p a r a t i o n  f o r  p h o to m ic ro g ra p h ic  
e x a m in a t io n ,  and r e a d i l y  l y s e d .  F ig u r e  29 i s  a  p h ase  c o n t r a s t  p h o to ­
m ic ro g rap h  o f  a m e th an o g en ic  e n r ic h m en t  c u l t u r e  dom inated  by i r e g -  
u l a r l y  c o c c o id  m ic ro o rg an ism s  t h a t  w ere  m o rp h o lo g ic a l ly  i d e n t i c a l  to  
th o s e  o b s e rv ed  i n  numerous o t h e r  m e th an o g en ic  e n r ic h m e n ts  u s in g  a 
v a r i e t y  o f  d i f f e r e n t  grow th m ed ia .
F ig u re  29. Phase  c o n t r a s t  pho to m ic ro g rap h  o f  a r e p r e s e n t a t i v e  
m ethanogen ic  e n r ich m en t c u l t u r e  grown i n  M ethylam ine-M ethanol. (MM) 
medium (s e e  T ab le  2 ) .  The c u l t u r e  was dom inated by i r r e g u l a r l y  
co cco id  c e l l s  m easu ring  1 .5 - 3 .0  ym i n  d ia m e te r ,  and a r e  p resum ably  
th e  m ethanogen ic  o rgan ism s i n  th e  mixed c u l t u r e .  The b a r  r e p r e s e n t s  
10 ym.
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DISCUSSION
E cology o f  M ethanogens and  S u l f a t e - R e d u c e r s  I n  D e l ta  Sedim ents
M ethanogenes is  i n  th e  s e d im e n ts  o f  t h e  M i s s i s s i p p i  R iv e r  d e l t a  i s  
an im p o r ta n t  d i a g e n e t i c  p r o c e s s  o f  t h i s  a n a e ro b ic  eco sy s tem . Not on ly  
does m e th an o g en es is  p la y  a  s i g n i f i c a n t  r o l e  i n  a n a e ro b ic  carbon  c y c l in g  
i n  t h i s  en v iro n m e n t ,  b u t  i t  a l s o  r e s u l t s  i n  t h e  a c c u m u la t io n  o f  l a r g e  
q u a n t i t i e s  o f  m ethane  gas w i t h i n  t h e  s e d im e n ts .  The m ethane gas i s ,  
i n  l a r g e  p a r t ,  r e s p o n s i b l e  f o r  th e  u n c o n s o l i d a t io n  and i n s t a b i l i t y  
t h a t  i s  so  c h a r a c t e r i s t i c  o f  a l l u v i a l  d e l t a  s e d im e n ts .  T h is  s tu d y  
i n v e s t i g a t e d  th e  d i s t r i b u t i o n  and p h y s io lo g y  o f  th e  o b l i g a t e l y  
a n a e ro b ic  m ic ro o rg an ism s  t h a t  a r e  b e l i e v e d  to  be  m a in ly  r e s p o n s i b l e  
f o r  t h e  f i n a l  p r o c e s s e s  o f  a n a e r o b ic  d e g r a d a t io n  o f  o rg a n ic  m a t e r i a l s  
in  th e  d e l t a :  m ethanogens and s u l f a t e - r e d u c e r s .
This  was th e  f i r s t  a t t e m p t  to  d e te rm in e  th e  e x t e n t  o f  th e  dep th  
d i s t r i b u t i o n  o f  m ethanogens and s u l f a t e - r e d u c e r s  i n  a s e r i e s  o f  deep 
c o re  sam ples  from a m arin e  en v iro n m e n t .  The d ep th  d i s t r i b u t i o n  o f  
m ethanogens and s u l f a t e - r e d u c e r s  i n  th e  d e l t a  sed im en ts  was e x t e n s i v e .  
Methanogens w ere  o b se rv ed  i n  h ig h  numbers i n  th e  u p p e r  7 .5  m o f  S i t e  1 
s e d im e n ts ,  and i n  th e  u p p e r  1 1 .3  m o f  S i t e  2 s e d im e n ts .  V ia b le  m eth­
anogens w ere  found a s  deep a s  2 9 .3  m below th e  s e d im e n t-w a te r  i n t e r ­
f a c e  a t  S i t e  2. S i m i l a r l y ,  s u l f a t e - r e d u c e r s  e x i s t e d  i n  h ig h  numbers 
i n  t h e  u p p e r  3 m o f  S i t e  1 s e d im e n ts ,  and i n  t h e  u p p e r  4 5 .1  m o f  
S i t e  2 s e d im e n ts .  They r e a c h e d  a  maximum d ep th  o f  7 5 .0  m a t  S i t e  3.
P re v io u s  s t u d i e s  on t h e  d e p th  d i s t r i b u t i o n  o f  methanogens and 
s u l f a t e - r e d u c e r s  i n  m a r in e  en v iro n m en ts  (28 , 56) were  l i m i t e d  to  th e
ex am in a t io n  o f  th e  u p p e r  5 m o f  s e d im e n t .  Methanogens i n  s t a b l e  s e d i ­
ments o f  t h e  C a r iac o  Trench w ere  r e s t r i c t e d  to  t h e  u p p e r  81 cm o f  s e d i ­
ment (MPNs o f  20-200 c e l l s  p e r  cm ^), and w ere  a b s e n t  a t  d e p th s  o f  100-
500 cm (5 6 ) .  S i m i l a r l y ,  m ethanogens w ere  o b se rv ed  on ly  i n  th e  to p  20
cm o f  s t a b l e  B lack  Sea s e d im e n ts ,  and w ere  a b s e n t  i n  30-100 cm-deep 
sed im en ts  (5 6 ) .  The work o f  Rom esser, e t  a l .  (56) i s  th e  o n ly  r e p o r t  
on th e  e x t e n t  o f  t h e  dep th  d i s t r i b u t i o n s  o f  m ethanogens i n  a m arine
en v iro n m en t.  Assuming t h a t  they  a r e  f a i r l y  r e p r e s e n t a t i v e  o f  s t a b l e
m arin e  s e d im e n ts ,  i t  a p p e a rs  t h a t  th e  d ep th  to  w hich v i a b l e  m ethano­
gens w ere found i n  t h e  u n s t a b l e  d e l t a  s ed im en ts  exceeded  t h a t  o f  
s t a b l e  sed im en ts  by 2-6  t im e s .  The ex trem e  d e p th  i n  w hich m ethanogens 
o c c u r re d  i n  th e  d e l t a  s ed im e n ts  was p ro b a b ly  due to  a t  l e a s t  two 
f a c t o r s :  ( i )  t h e  r a p id  d e p o s i t i o n  o f  o r g a n i c - r i c h ,  s e d im e n ta ry  m a t e r i a l  
which b u r i e d  v i a b l e  m ethanogens u n d e r  deep s t r a t a ,  and ( i i )  th e  
i n s t a b i l i t y  o f  th e  s e d im e n ts ,  e x e m p l i f ie d  by th e  numerous u n d e rs e a  
l a n d s l i d e s  and c o l l a p s e  d e p r e s s i o n s ,  w hich caused  a h ig h  d e g re e  o f  
s ed im en t  m ix ing  and r e s u l t e d  i n  th e  b u r i a l  o f  v i a b l e  m ethanogens under 
l a y e r s  o f  s h i f t e d  s e d im e n t .  The compact d i s t r i b u t i o n a l  p a t t e r n s  o f  
m ethanogens i n  s t a b l e  m a r in e  sed im e n ts  (C a r ia co  T ren ch , B lack  Sea) 
r e s u l t e d  from th e  d i f f u s i o n  o f  m ethane p r e c u r s o r s  and growth f a c t o r s  
i n t o  t h e  u n d e r ly in g  s ed im en ts  from th e  r e l a t i v e l y  o r g a n i c - r i c h  u p p e r  
s t r a t a ,  and w ere  p ro b a b ly  n o t  a f f e c t e d  by sed im en t movement o r  b i o -  
t u r b a t i o n .
The on ly  o t h e r  a t t e m p t  t o  q u a n t i t a t e  m ethanogens i n  a m a rin e  
sed im en t was t h a t  o f  Jo n es  and P a y n te r  (2 8 ) .  They o b se rv ed  m ethano­
gens i n  th e  u p p e r  36 cm o f  s a l t  marsh s e d im e n ts ,  w i th  maximal numbers
i n  th e  upper  0 -7  cm. The Spartina  m arshes i n  t h e i r  s tu d y  a r e  h ig h ly  
p ro d u c t iv e  eco sy s tem s ,  and i t  ap p ea red  t h a t  th e  h ig h  numbers o f  meth­
anogens p r e s e n t  i n  th e  s a l t  marsh sed im en ts  w ere  dependen t upon th e  
d eco m p o s i t io n  o f  Spartina  c e l l u l o s e  by c l o s t r i d i a .  Th is  e v e n tu a l ly  
p ro v id e d  u s a b le  m ethane p r e c u r s o r s  f o r  th e  m ethanogens. The h i g h e s t  
methanogen MPNs o c c u r re d  i n  ' ' s h o r t  Spartinau r e g io n s  o f  t h e  s a l t  
marsh w here  th e  Spartina  r o o t s  w ere  d e n se ly  p a ck ed ,  and w here  i n t e r ­
t i d a l  f l u s h i n g  o f  t h e  a r e a  was m in im a l.  In  t h i s  en v iro n m e n t ,  d y in g  
Spartina  p l a n t s  c o n t r i b u t e d  a  heavy n u t i e n t  lo a d  to  a  narrow  band 
encom passing  th e  d en se  r o o t  sy s tem  o f  th e  p l a n t s .  The h ig h  methanogen 
MPNs i n  t h i s  r e g io n  w ere  d i r e c t l y  a t t r i b u t a b l e  to  t h e  n u t r i e n t  lo a d .
The same phenomenon can  be  s e e n  i n  th e  upper  d e l t a  s e d im e n ts .  The 
h i g h e s t  MPNs o f  m ethanogens and s u l f a t e - r e d u c e r s  o c c u r re d  i n  th e  
upperm ost sam ples w here  th e  h i g h e s t  l e v e l s  o f  d i s s o lv e d  o r g a n ic  c a r ­
bon (DOC) and d i s s o lv e d  in o r g a n ic  ca rb o n  (SCO2 ) o c c u r r e d .
The c o r in g  methods u sed  i n  th e  p r e s e n t  s tu d y  p e r m i t t e d  th e  
e x am in a t io n  o f  d eep ly  b u r i e d  s e d im e n ts .  Th is  was u n u s u a l  f o r  a 
m ic r o b i o l o g i c a l  s tu d y ,  i n  a s  much as  m ost such  en d eav o rs  employ g r a v i t y  
c o r e r s  t h a t  l i m i t  th e  i n v e s t i g a t o r  to  th e  s tu d y  o f  t h e  u p p e r  (and most 
a c c e s s i b l e )  s e d im e n ts .  I n  a d d i t i o n ,  a  m a jo r  p rob lem  a r i s i n g  from th e  
u s e  o f  long  g r a v i t y  c o r e r s  i s  t h a t  o f  co m p ress io n  o f  th e  sam p le s .
Th is  was n o t  a p rob lem  i n  t h e  p r e s e n t  s tu d y  s i n c e  on ly  0 .6  m -long 
sam ple c o re s  w ere  removed a t  any one t im e .  I t  a l s o  a llo w ed  a  f a r  
g r e a t e r  p e n e t r a t i o n  o f  t h e  s e d im e n ts ,  a n e c e s s a r y  p r e r e q u i s i t e  f o r  
s tu d y in g  h ig h ly  u n s t a b l e ,  mixed s e d im e n ts .
A n a ly s is  o f  th e  MPN r e s u l t s  o f  m ethanogen and s u l f a t e - r e d u c e r
p o p u la t io n s  i n  S i t e  A d e l t a  sed im en ts  showed t h a t  no a p p a r e n t  u n i l a t e r a l  
s t r a t i f i c a t i o n  o f  th e  p o p u la t i o n s  o f  t h e s e  two o rgan ism s e x i s t e d .  Cap- 
p en b erg  (11) had  shown t h a t  m ethanogens and s u l f a t e - r e d u c e r s  w ere  each 
m ost numerous i n  s e p a r a t e  s t r a t a  o f  th e  f r e s h w a te r  sed im en ts  o f  Lake 
V ech ten . S u l f a t e - r e d u c e r s  o c cu p ie d  th e  upper  s t r a t a ,  and m ethanogens 
w ere found below . The s t r u c t u r e s  o f  t h e s e  com m unities  i n  Lake V echten  
and th e  M i s s i s s i p p i  R iv e r  d e l t a  a r e  q u i t e  d i s s i m i l a r .  The l a y e r i n g  o f  
th e  two com m unities  d id  n o t  o c c u r  i n  t h e  d e l t a  s e d im e n ts .  I n s t e a d ,  
s e p a r a t e  s t r a t a  o f  t h e  two ty p e s  o f  b a c t e r i a  w ere  i n t e r m in g l e d .  Peaks 
o f  m ethanogens o c c u r re d  a t  d e p th s  o f  0 .1 6 5 ,  0 .3 5 5 ,  and 0 .7 7 0  m, w h i le  
peaks  o f  s u l f a t e - r e d u c e r s  o c c u r re d  a t  d e p th s  o f  0 .1 0 0 ,  0 .2 2 5 ,  and
0.A20 m. V is u a l  i n s p e c t i o n  o f  th e  d a t a  d id  n o t  i n d i c a t e  t h a t  th e  
m ethanogen and s u l f a t e - r e d u c e r  p o p u la t io n s  w ere  m u tu a l ly  e x c l u s i v e :
1 . e . ,  h ig h  numbers o f  m ethanogens d id  n o t  p r e c lu d e  t h e  p re s e n c e  o f  
h ig h  numbers o f  s u l f a t e - r e d u c e r s  ( e . g . ,  T ab le  5 , 0 .1 0 0  and 0.A20 m ) . 
I n s t e a d ,  th e  s t r u c t u r e  o f  t h e  m i c r o b i a l  com m unities  ap p ea red  to  be  
random, and was p ro b a b ly  formed as  a r e s u l t  o f  sed im en t  m ix in g .  Thus, 
i f  any o r i g i n a l  u n i l a t e r a l  s t r a t i f i c a t i o n  o f  th e  m ethanogens and 
s u l f a t e - r e d u c e r s  d id  e x i s t ,  i t  was masked by sed im en t  movement.
I t  sh o u ld  be  p o in te d  o u t  t h a t  t h e  MPN te c h n iq u e  i s  n o t  th e  on ly  
method t h a t  h a s  been  used  to  enum era te  m ethanogens i n  s e d im e n ts .  The 
f l u o r e s c e n t  a n t ib o d y  (FA) te c h n iq u e  h as  b een  used  s u c c e s s f u l l y  to  
enum erate  m e thanogen ic  i s o l a t e s  i n  f r e s h w a te r  l a k e  sed im en ts  o f  
W in te rg re en  Lake, M ichigan  ( 6 0 ) ,  and Lake E r i e  (6 7 ) .  Comparison o f  
FA c o u n ts  w i th  MPN c o u n ts  i n  W in te rg re e n  Lake sed im en ts  showed t h a t  
th e  FA method p roduced  c o u n ts  a t  l e a s t  one o r d e r  o f  m agn itude  h ig h e r
th a n  MPN c o u n ts  (6 0 ) .  However, th e  FA method i s  c o n t in g e n t  upon 
o b t a in in g  one o r  more i s o l a t e d  m ethanogens t h a t  a r e  d e r iv e d  from th e  
s ed im e n ts  under  s tu d y .  The FA method sh o u ld  p ro v e  u s e f u l  i n  t h e  enu­
m e r a t io n  o f  d e l t a  m ethanogens , b u t  i t  w i l l  f i r s t  be  n e c e s s a ry  to  o b t a i n  
d e l t a  i s o l a t e s  w i th  which to  p r e p a r e  th e  FA.
When th e  S i t e  1 d ep th  d i s t r i b u t i o n  p r o f i l e s  o f  m ethanogens and 
s u l f a t e - r e d u c e r s  a r e  compared to  d ep th  p r o f i l e s  o f  d i s s o lv e d  methane^ 
and d i s s o lv e d  s u l f a t e  (F ig .  5 ) ,  two c l e a r l y  a p p a r e n t  r e l a t i o n s h i p s  
can  be s e e n :  ( i )  t h e  p r e s e n c e  o f  s u l f a t e - r e d u c i n g  b a c t e r i a  was d i r e c t l y  
r e l a t e d  to  t h e  p r e s e n c e  o f  d i s s o lv e d  s u l f a t e ;  and ( i i )  th e  p r e s e n c e  o f  
s u l f a t e - r e d u c i n g  b a c t e r i a  was i n v e r s e l y  r e l a t e d  to  th e  p r e s e n c e  o f  
h ig h  c o n c e n t r a t i o n s  o f  d i s s o lv e d  m ethane . The o c c u r re n c e  o f  s u l f a t e -  
r e d u c e r s  i n  zones o f  h ig h  d i s s o lv e d  s u l f a t e  i s  i n d i c a t i v e  o f  th e  
p r e s e n c e  o f  a  s u l f a t e - r e d u c i n g  zone (18 , 32, 6 6 ) .  The d e l t a  s ed im en ts  
a t  S i t e  1 c l e a r l y  e x h ib i t e d  two s u l f a t e - r e d u c i n g  zones a t  d e p th s  o f  
0 -2  and 10-12 m. Due to  t h e  h ig h  c o n c e n t r a t i o n  o f  s u l f a t e  i n  s e a w a te r ,  
28 mM, m ost m arin e  sed im e n ts  have  a s i n g l e  s u l f a t e - r e d u c i n g  zone r e ­
s t r i c t e d  to  th e  upper  2 -3  m o f  sed im en t  (1 8 ) .  As s u l f a t e  d i f f u s e s ,  
downward i n t o  th e  s e d im e n ts ,  i t  i s  u s u a l l y  d e p l e t e d  w i t h i n  a  s h o r t  
d ep th  below th e  s e d im e n t- w a te r  i n t e r f a c e .  In  th e  d e l t a  s e d im e n t s ,  t h e  
second  s u l f a t e - r e d u c i n g  zone ( i l l u s t r a t e d  d i a g r a m a t i c a l l y  i n  F ig u r e  30) 
a t  10-12 m p ro b a b ly  o r i g i n a t e d  a t  th e  s e d im e n t- w a te r  i n t e r f a c e .  I t s  
p r e s e n t  p o s i t i o n ,  b u r i e d  w e l l  below th e  s e d im e n t- w a te r  i n t e r f a c e ,  r e ­
s u l t e d  from sed im en t i n s t a b i l i t y  and movement. The a p p ro x im a te ly  10 m- 
t h i c k  l a y e r  o f  m a t e r i a l  c o v e r in g  th e  low er s u l f a t e - r e d u c i n g  zone 
p ro b a b ly  a r o s e  from a co m b in a t io n  o f  s lum ping  s ed im en t  and n a t u r a l
F ig u re  30. D iagram m atic  i l l u s t r a t i o n  o f  th e  sed im en ts  o f  th e  
M i s s i s s i p p i  R iv e r  d e l t a  a t  S i t e  1. Two s u l f a t e - r e d u c i n g  zones were 
p r e s e n t .  The upper  zone occu p ied  th e  u p p e r  0 -2  m o f  s e d im e n t ,  w h i le  
th e  lo w er  s u l f a t e - r e d u c i n g  zone was 10-12 m below th e  s e d im e n t-w a te r  
i n t e r f a c e .  The h o r i z o n t a l  e x t e n t  o f  th e  Jower s u l f a t e - r e d u c i n g  
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a c c r e t i o n  o f  d e l t a  s i l t  d e p o s i t s .
The i n v e r s e  r e l a t i o n s h i p  betw een  s u l f a t e - r e d u c e r s  and d i s s o lv e d  
m ethane i s  i n d i c a t i v e  o f  a n a e r o b ic  o x i d a t i o n  o f  m ethane i n  th e  sed im e n ts  
p o s s e s s in g  h ig h  numbers o f  t h e s e  o rg a n ism s .  At S i t e  1, th e  sam ple 
j u s t  below th e  s e d im e n t- w a te r  i n t e r f a c e  c o n ta in e d  th e  h i g h e s t  i n o r g a n ic  
and o r g a n ic  ca rb o n  l o a d s ,  i n  a d d i t i o n  to  th e  h i g h e s t  numbers o f  m eth­
anogens and s u l f a t e - r e d u c e r s ,  y e t  th e  l e v e l  o f  d i s s o lv e d  m ethane was 
q u i t e  low. W hile some s t u d i e s  h av e  p ro v id e d  i n d i r e c t  e v id en c e  o f  
a n a e ro b ic  m ethane o x i d a t i o n  i n  m arin e  s ed im en ts  (5 ,  54 , 55 , and th e  
p r e s e n t  s t u d y ) ,  r e c e n t  e f f o r t s  show c l e a r l y  t h a t  a n a e ro b ic  consump­
t i o n  o f  m ethane o c cu rs  i n  b o th  f r e s h w a te r  (78) and m arin e  sed im en ts  
(3 2 ) .  Based upon r a d i o t r a c e r  d a ta  (^C H ^ produced  from ^ C - U - l a c t a t e  
o r  2 - a c e t a t e ) , K o s iu r  and W arford (32) showed t h a t  m e th an o g en es is
o c c u r re d  i n  th e  s u l f a t e - r e d u c i n g  zone o f  a m a r in e  s e d im e n t ,  and t h a t  
th e  low l e v e l  o f  d i s s o lv e d  m ethane i n  t h i s  zone was due to  a b a la n c e  
betw een m ethane p r o d u c t io n  and a n a e ro b ic  o x i d a t i o n .  The upper 
s u l f a t e - r e d u c i n g  zone o f  t h e  d e l t a  s ed im en ts  was ro u g h ly  an a logous  
to  t h a t  o f  th e  S an ta  B arb a ra  B as in  (3 2 ) .  K o s iu r  and W arford (32) 
o b se rv ed  s i g n i f i c a n t  m ethane o x i d a t i o n  i n  th e  u p p e r  1 .2 - 1 .3  m o f  s e d i ­
m en t,  w i th  t h e  g r e a t e s t  o x i d a t i o n  o c c u r r in g  a t  a d ep th  o f  0 .3 - 0 .3 5  m. 
T h is  i s  com parab le  to  t h e  e x tre m e ly  low c o n c e n t r a t i o n  o f  d i s s o lv e d  
m ethane i n  th e  0 .2  m-deep d e l t a  s e d im e n t .  Zehnder and Brock (78) 
su g g e s te d  t h a t ,  i n  a d d i t i o n  to  s u l f a t e - r e d u c e r s ,  m ethanogens th em se lv es  
may be  p a r t l y  r e s p o n s i b l e  f o r  a n a e r o b ic  m ethane o x i d a t i o n .
In  V itr o  U t i l i z a t i o n  o f  Methane P r e c u r s o r s
The most r e a d i l y  u t i l i z e d  m ethane p r e c u r s o r s  i n  th e  d e l t a  sed im en ts
w ere  m e thy lam ine , d im e th y la m in e ,  t r im e th y la m in e ,  m e th a n o l ,  and CO2  + H2 * 
The e x tre m e ly  r a p id  c o n v e r s io n  o f  t h e s e  compounds to  m ethane s u p p o r t s  
th e  argum ent t h a t  th e y  were d i r e c t l y  red u ced  to  m ethane by m ethanogens . 
M ethanogenes is  from N-m ethyl compounds h a s  been  r e p o r t e d  i n  p u re  c u l ­
t u r e s  o f  M ethanosarcina b a r k e r i  ( 2 4 ) .  M. b a r k e r i  i s  th e  m ost v e r s a t i l e  
m ethanogen known, b e in g  th e  o n ly  o rg an ism  o f  th e  group t h a t  i s  c a p a b le  
o f  m e th an o g en es is  from a l l  t h e  s u b s t r a t e s  l i s t e d  above (4 6 , 5 9 ) .
H ippe, e t  a l . (24) showed t h a t  m e th an o l and N-m ethyl compounds were 
c o n v e r te d  to  methane by sam ples  o f  f r e s h w a te r  muds. So f a r ,  M. b a rk e r i  
has  n o t  been  i s o l a t e d  from m a r in e  s e d im e n ts ,  a l th o u g h  i t  i s  common 
in  sewage s lu d g e  d i g e s t o r s ,  f r e s h w a te r  s e d im e n ts ,  and th e  rumen (46 ,
8 0 ) .
M e th a n e th io l  and m e th y lh y d ra z in e  w ere  bo th  c o n v e r te d  to  m ethane 
i n  d e l t a  sed im en t  s am p les .  The u t i l i z a t i o n  o f  m e th a n e th io l  i n  f r e s h ­
w a te r  s ed im en ts  has  been p r e v io u s ly  r e p o r t e d  (8 3 ) ,  b u t  t h e  o rg an ism , 
o r  o rg a n is m s ,  r e s p o n s i b l e  f o r  th e  r e d u c t io n  i s ,  a t  p r e s e n t ,  unknown.
The c o n v e r s io n  o f  m e th y lh y d ra z in e  to  m ethane has  n o t  b een  p r e v io u s ly  
r e p o r t e d .  S in c e  no in f o r m a t io n  i s  a v a i l a b l e  on t h e s e  r e a c t i o n s ,  one 
can on ly  s p e c u l a t e  t h a t  th e  r e d u c t io n s  o f  th e s e  s u b s t r a t e s  t o  m ethane 
m igh t be  c a r r i e d  o u t  by a p h y s i o l o g i c a l l y  v e r s a t i l e  methanogen o f  th e  
m e th a n o s a rc in a e  ty p e .
M ethanogenes is  i n  th e  d e l t a  s ed im e n ts  was n o t  a p p r e c ia b ly  
s t im u la t e d  by a c e t a t e  o r  fo r m a te ,  two known im m edia te  m ethane p r e ­
c u r s o r s ,  o r  by l a c t a t e ,  w hich prom oted m e th an o g en es is  i n  f r e s h w a te r  
sed im en ts  (12 , 72 , 74, 7 5 ) .  I t  can  be i n f e r r e d ,  t h e r e f o r e ,  t h a t  t h e s e  
s u b s t r a t e s  w ere  n o t  l i m i t i n g  f a c t o r s  i n  m e th a n o g en e s is  i n  th e  d e l t a
s e d im e n ts .  The f a i l u r e  o f  e i t h e r  a c e t a t e  o r  l a c t a t e  to  s t i m u l a t e  
m e th an o g en es is  p o ses  th e  q u e s t i o n  o f  w h e th e r  o r  n o t  a c e t a t e  i s  a  m ajo r  
m ethane p r e c u r s o r  i n  th e  d e l t a  s e d im e n ts .  A lthough m e th an o g en es is  from 
l a c t a t e  ( th ro u g h  a c e t a t e  as  an i n t e r m e d i a t e )  h a s  b een  shown i n  f r e s h ­
w a te r  s ed im en ts  (12 , 13, 1 5 ) ,  t h i s  may n o t  be  th e  dom inant pathway
f o r  m e th a n o g en e s is  i n  m a r in e  sed im en ts  (18 , 6 6 ) .  R a d i o t r a c e r  s t u d i e s  
14w i th  C - a c e t a t e  showed t h a t  a c e t i c l a s t i c  m ethanogens w ere  p r e s e n t  
i n  th e  d e l t a  s e d im e n ts ,  y e t  u n la b e le d  a c e t a t e  was p o o r ly  u t i l i z e d  by 
d e l t a  s e d im e n ts .  C laypoo l and K aplan (18) and W arfo rd , e t  a l .  (66) 
su g g e s te d  t h a t  t h e  f a t e  o f  a c e t a t e  i n  m arin e  sed im en ts  i s  c o n v e r s io n  
to  CO2 , and t h a t  th e  m ajo r  m ethane p r e c u r s o r  i n  m a r in e  sed im en ts  i s  
CO2 . The f o l lo w in g  o b s e r v a t io n s  i n  t h e  d e l t a  s ed im en ts  ten d  to  sup ­
p o r t  t h i s  a rgum en t.  F i r s t ,  t h e  a d d i t i o n  o f  CO2  (w ith  H2 ) was h ig h ly  
s t i m u l a t o r y  to  m e th a n o g en e s is  (w hereas H2  a lo n e  was n o t ) .  Second, 
th e  l e v e l  o f  ECC^ d e c re a se d  by ab o u t  50% from th e  upperm ost S i t e  1 
sed im en t  sam ple  to  t h e  n e x t  sam ple be low , w i th  a  c o n co m itan t  d e c r e a s e  
i n  m ethanogen MPNs. T h i rd ,  enzym atic  a s s a y s  o f  a c e t a t e  i n  d e l t a  s e d i ­
m ents (D. S a r k a r ,  u n p u b l ish e d  d a t a )  showed t h a t  th e  c o n c e n t r a t i o n  o f  
a c e t a t e  was below d e t e c t a b l e  l i m i t s .  I t  i s  assumed t h a t  i f  th e  ex­
tre m e ly  low l e v e l  o f  a c e t a t e  i n  th e  sed im e n ts  was l i m i t i n g  growth and 
m e th a n o g e n e s is ,  th e n  one would e x p e c t  to  s e e  an  i n c r e a s e  i n  m ethano­
g e n e s i s  w i th  added a c e t a t e .  Th is  d id  n o t  o c c u r .  F o u r th ,  th e  a d d i t i o n  
o f  B - f l u o r o a c e t a t e ,  a known i n h i b i t o r  o f  m e th a n o g e n e s is  i n  f r e s h w a te r  
sy stem s (12) d id  n o t  i n f l u e n c e  m e th a n o g en e s is  i n  t h e  d e l t a  s e d im e n ts .
In  o r d e r  t o  d e te rm in e  th e  r o l e  o f  CO2  i n  d e l t a  m e th a n o g e n e s i s ,  i t  w i l l  
be  n e c e s s a r y  to  p e r fo rm  f u t u r e  e x p e r im e n ts  u s in g  r a d i o t r a c e r s ,  and to
fo l lo w  changes i n  s p e c i f i c  a c t i v i t y  o f  and
Two p o t e n t i a l  s o u rc e s  o f  CC> 2  e x i s t  i n  th e  d e l t a  s e d im e n ts :  ( i )
COj d e r iv e d  from d i s s o lv e d  o r g a n ic  c a rb o n  (DOC); and CO2  d e r iv e d  from 
d i s s o lv e d  i n o r g a n ic  ca rb o n  (E C f^). The t o t a l  c a rb o n  c o n c e n t r a t i o n  i n  
th e  u p p e r  s ed im en ts  ap p ro ach ed  0 .1  g /1  o f  i n t e r s t i t i a l  w a t e r ,  and 
r e p r e s e n t s  a  s i z a b l e  r e s e r v o i r  o f  p o t e n t i a l  m ethane p r e c u r s o r s .
A lthough  th e  c o n c e n t r a t i o n s  o f  m e th a n o l ,  m e th y lam in e ,  d im e th y l -  
am ine, and t r im e th y la m in e  w ere  n o t  m easured  i n  d e l t a  sed im en t  s a m p le s ,  
i t  i s  u n l i k e l y  t h a t  th ey  would e x i s t  i n  h ig h  c o n c e n t r a t i o n s  i n  t h i s  
env ironm ent b e c a u se  th ey  w ere  so  r e a d i l y  red u ced  to  m ethane i n  in  v i t r o  
t e s t s .  The p re s e n c e  o f  m ethanogens i n  t h e  d e l t a  s ed im en ts  t h a t  were 
c a p a b le  o f  u t i l i z i n g  m e th y l -  and N-m ethyl compounds may i n f e r  t h a t  
th e s e  s u b s t r a t e s  o c c u r  n a t u r a l l y  i n  t h i s  e n v iro n m e n t .  M ethanol i s  a 
m ic r o b ia l ly - p r o d u c e d  end p r o d u c t  o f  p e c t i n  d e g r a d a t io n  (5 8 ) .  P e c t i n  
i s  a u b iq u i to u s  component o f  p l a n t  t i s s u e  t h a t  may p r o v id e  an  im p o r ta n t  
s o u rc e  o f  m ethano l f o r  th e  growth o f  m e th y lo t r o p h ic  and m ethanogen ic  
b a c t e r i a  (5 8 ) .  P e c t i n o l y t i c  o rgan ism s such  a s  C lostrid ium  butyricum , 
Erwinia chrysanthem i, and Pseudomonas m arginalis a r e  c a p a b le  o f  a 
s t o i c h i o m e t r i c  fo r m a t io n  o f  m e th an o l d u r in g  p e c t i n  m e tab o lism  (5 8 ) .
I f  th e s e  o rgan ism s a r e ,  i n  f a c t ,  e c o l o g i c a l l y  im p o r ta n t ,  th ey  may 
depend upon m e th y lo t ro p h s  a n d /o r  m ethanogens f o r  t h e  rem oval o f  
m ethano l which they  can n o t consume and w hich i s  t o x i c  (5 8 ) .  P e c t i n  
was s lo w ly  c o n v e r te d  to  m ethane by th e  d e l t a  s e d im e n ts ,  b u t  i n  o r d e r  
to  .d em o n s tra te  m e th a n o g en e s is  from p e c t i n  v i a  a m e th an o l i n t e r m e d i a t e ,  
i t  would be  n e c e s s a ry  to  fo l lo w  a  r a d i o t r a c e r  from p e c t i n ,  th ro u g h  
m e th a n o l ,  to  m ethane .
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Hie p ro d u c t io n  o f  t r im e th y la m in e  w i t h i n  t h e  d e l t a  s ed im en ts  co u ld  
o c cu r  v i a  a t  l e a s t  two d i f f e r e n t  p a thw ays : (1) th e  d e g r a d a t io n  o f  c h o l in e  
by t h e  r e a c t i o n :
2 (CH3) 3Nrf CH2CH20H +  H20 2 (CH3) 3N+H + CH3COOH + CH3CH2OH (2 3 ) ;  and
(11) th e  r e d u c t io n  o f  t r im e th y la m in e  o x id e  (TMAO) by v a r io u s  b a c t e r i a  
( u s u a l ly  g ra m -n e g a t iv e )  t h a t  u t i l i z e  TMAO as  a  t e r m in a l  e l e c t r o n  
a c c e p to r ,  v i a  th e  fo l lo w in g  r e a c t i o n :
(CH3) 3NO + AH2 + H+ +  (CH3) 3N+H + A +  H20 (62 , 63, 6 4 ) .
C h o lin e  i s  r e l e a s e d  upon th e  d e g r a d a t io n  o f  p h o s p h a t id y l  c h o l i n e ,  a 
m a jo r  component o f  c e l l  membrane m a t e r i a l  i n  p l a n t  (and a n im a l)  t i s s u e  
(4 2 ) .  TMAO i s  a c o n s t i t u e n t  o f  th e  t i s s u e  o f  s e v e r a l  m a rin e  f i s h  and 
i n v e r t e b r a t e s  (6 3 ) .  I t  i s  p o s s i b l e  t h a t  a f t e r  th e  d e a th  o f  c e r t a i n  
m arin e  o rgan ism s ( f i s h ,  seaw eed , b e n th i c  i n v e r t e b r a t e s ) ,  they  may 
c o n t r i b u t e  a  p o r t i o n  o f  th e  o rg a n ic  n u t r i e n t  lo a d  i n  th e  d e l t a  s e d i ­
m en ts ,  and may p r o v i d e 'a  s o u rc e  o f  N-raethyl compounds t h a t  s e r v e  as 
im m edia te  m ethane p r e c u r s o r s  i n  t h i s  en v iro n m e n t .
A nother p o t e n t i a l  s o u rc e  o f  m ethane p r e c u r s o r s  i s  c e l l u l o s e .  I f  
one assumes t h a t  d ecay in g  p l a n t  m a t e r i a l  c o n s t i t u t e s  a  s i g n i f i c a n t  
p o r t i o n  o f  th e  o rg a n ic  n u t r i e n t  lo a d  i n  th e  d e l t a  s e d im e n ts ,  th e n  th e  
r o l e  o f  c e l l u l o l y t i c  o rgan ism s w i t h i n  th e  sed im en ts  becomes an im­
p o r t a n t  c o n s i d e r a t i o n  i n  th e  food c h a in .  Weimer and Zeikus (68) 
found t h a t  c e l l u l o s e  d e g r a d a t io n  by a m o n o c u l tu re  o f  C lostridium  thermo- 
cellum  began a f t e r  a  c o n s id e r a b l e  l a g  p e r i o d .  The l a g  was le s s e n e d  
i n  t h e  p re s e n c e  o f  a m eth an o g en ic  o rg an ism , Methanobacterium thermo- 
autotrophicum. A d d it io n  o f  c e l l u l o s e  to  d e l t a  sed im en ts  r e s u l t e d  i n  
a c t i v e  m e th an o g en es is  a f t e r  a  l a g  p e r io d  o f  13 d a y s .  C e l lu lo s e
d e g r a d a t io n  by C lostrid ium  (68) and Ruminococcus (35) r e s u l t e d  i n  
th e  p ro d u c t io n  o f  a c e t a t e ,  s u c c i n a t e ,  fo r m a te ,  e t h a n o l ,  and CO2  +
H2 . Of t h e s e ,  CO2  and ^  c o u ld  s e r v e  a s  r e a d i l y - u t i l i z a b l e  m ethane 
p r e c u r s o r s  i n  th e  d e l t a  s e d im e n ts ,  w i th  a c e t a t e  and fo rm a te  a s  a d d i ­
t i o n a l ,  b u t  l e s s  u s a b l e ,  s u b s t r a t e s .
F a c to r s  A f f e c t i n g  D e l t a  M ethanogenes is
S e v e ra l  compounds have  been  im p l i c a t e d  i n  th e  i n h i b i t i o n  o f  meth­
a n o g e n e s is  i n  n a t u r a l  s e d im e n ts :  n i t r a t e  ( 4 ) ;  s u l f i d e  (1 1 ) ;  s u l f a t e  
(7 3 ) ;  and NaCI (4 4 ) .  O th e r  compounds n o t  found i n  n a t u r a l  s ed im en ts  
t h a t  have  been  shown to  be  p o t e n t  i n h i b i t o r s  o f  m e th an o g en es is  in c lu d e  
c h lo ro fo rm  (1 2 ) ;  B - f l u o r o a c e t a t e  (1 2 ) ;  2 -b ro m o e th a n e su l fo n a te  (7 7 ) ;  
and n i t r a p y r i n  (5 7 ) .  D e l ta  m e th a n o g en e s is  was i n h i b i t e d  by c h lo ro fo rm  
BrES, O2 , fo rm aldehyde  and n i t r a t e ,  b u t  n o t  by B - f l u o r o a c e t a t e ,  s u l ­
f i d e ,  o r  s u l f a t e .  When low c o n c e n t r a t i o n s  o f  added s u l f i d e  were 
in t r o d u c e d  to  d e l t a  s e d im e n ts ,  m e th a n o g en e s is  was e i t h e r  u n a f f e c t e d ,  
o r  i t  was s t i m u l a t e d .  However, w i th  th e  a d d i t i o n  o f  100 mM s u l f i d e ,  
m e th a n o g en e s is  was i n h i b i t e d  f o r  a  few d a y s ,  fo l lo w e d  by an in c r e a s e  
i n  m ethane p r o d u c t io n .  S u l f i d e  i s  an e x t re m e ly  t o x i c  s u b s ta n c e ,  and 
i t  i s  r e a s o n a b le  t h a t  h ig h  l e v e l s  would be b a c t e r i c i d a l  o r  b a c t e r i o ­
s t a t i c .  But i n  an a n a e r o b ic  s e d im e n t ,  m ost o f  th e  s u l f i d e  t h a t  i s  
p roduced  i s  p r e c i p i t a t e d  a s  FeS ( 8 ) ,  o r  FeS2  ( 7 ) .  Recovery  o f  m eth­
a n o g e n e s is  i n  th e  d e l t a  s e d im e n ts  6 days a f t e r  th e  a d d i t i o n  o f  100 
mM s u l f i d e  i n d i c a t e s  t h a t  t h e  n a t u r a l  a c c u m u la t io n  o f  s u l f i d e  i s  n o t  
r e s p o n s i b l e  f o r  i n h i b i t i o n  o f  m e th a n o g en e s is  i n  th e s e  s e d im e n ts .  
S u l f i d e ,  a t  a  c o n c e n t r a t i o n  o f  100 mM, i s  f a r  above th e  c o n c e n t r a t i o n
e n c o u n te re d  i n  th e  d e l t a  s ed im en ts  ( s u l f i d e  c o n c e n t r a t i o n  i n  S i t e  1,
0 .2  m-deep sed im en t  was 0 .3 2  y g /m l ,  m easured  s p e c t r o p h o t o m e t r i c a l l y  
by th e  m e th y len e  b lu e  m e th o d ) . The tem pora ry  i n h i b i t i o n  o f  m ethano­
g e n e s i s  by 100 mM s u l f i d e  was p ro b a b ly  t e r m in a te d  a f t e r  m ost o f  th e  
s u l f i d e  was p r e c i p i t a t e d  by  f e r r o u s  i r o n ,  o r  im m o b il ized  i n  some m anner, 
w i t h i n  th e  s e d im e n ts .  The a d d i t i o n  o f  s u l f a t e  to  d e l t a  sed im en ts  
f a i l e d  to  i n h i b i t  m e th a n o g e n e s is .  In  f a c t ,  m e th an o g en es is  was u n i ­
fo rm ly  s t i m u l a t e d  by s u l f a t e  c o n c e n t r a t i o n s  o f  0 .1 -1 0 0  mM. When c a r ­
bon and e n e rg y  s o u rc e s  were s u p p l i e d  t o  d e l t a  s ed im en t s a m p le s ,  h ig h  
l e v e l s  (100 mM) o f  s u l f i d e  and s u l f a t e  s t i l l  f a i l e d  to  i n h i b i t  m eth­
a n o g e n e s i s .
S e v e ra l  s t u d i e s  have I n d i c a t e d  t h a t  m e th an o g en es is  i s  i n h i b i t e d  
i n  th e  p re s e n c e  o f  d i s s i m i l a t o r y  s u l f a t e  r e d u c t io n  (11 , 13, 3 9 ) ,  y e t  
th e  b a c t e r i a l  d ep th  d i s t r i b u t i o n  d a ta  and added i n h i b i t o r  e x p e r im en ts  
on d e l t a  s ed im en ts  i n d i c a t e d  o t h e r w i s e .  A no ther p o s s i b i l i t y  o f  m eth­
a n o g e n e s is  i n h i b i t i o n  t h a t  was n o t  e x p lo re d  i n  th e  p r e s e n t  s tu d y  i s  
th e  c o m p e t i t io n  betw een  m ethanogens and s u l f a t e - r e d u c e r s  f o r  l ^ .
Abram and Nedwell (1) showed t h a t  a  h y d r o g e n - u t i l i z i n g  s u l f a t e - r e d u c e r  
was a b le  to  o u t-co m p e te  M ethanococcus m azei i n  i t s  a b i l i t y  t o  scavenge  
H£ i n  a  mixed c u l t u r e .  Thus, m e th a n o g en e s is  o c c u r re d  o n ly  i f  th e  
s u l f a t e - r e d u c e r  was a b s e n t .  Such a  c o m p e t i t io n  co u ld  e a s i l y  o c c u r  i n  
th e  d e l t a  s e d im e n ts .  I f ,  a s  some s t u d i e s  i n d i c a t e  (18 , 6 6 ) ,  i s  
th e  m a jo r  methane p r e c u r s o r  i n  m arin e  e n v iro n m en ts  (such  a s  th e  Mis­
s i s s i p p i  R iv e r  d e l t a )  th e n  m e th a n o g en e s is  would be  h ig h ly  dependen t 
upon, and p e rh a p s  l i m i t e d  b y ,  th e  a v a i l a b i l i t y  o f  H2  i n  th e  s e d im e n ts .  
S tu d i e s  o f  H2  u t i l i z a t i o n  i n  f r e s h w a te r  s ed im en ts  show t h a t  Hg i s
p r e s e n t  i n  e x t re m e ly  m inu te  am ounts . Low p a r t i a l  p r e s s u r e s  o f  
l i m i t  th e  r a t e  o f  m e th an o g en es is  i n  Lake Mendota sed im en ts  (7 2 ) .  
H e te r o t r o p h ic  b a c t e r i a  t h a t  p o s s e s s  h y d ro g en ases  and u t i l i z e  p r o to n s  
a s  e l e c t r o n  s i n k s ,  a r e ,  i n  t u r n ,  d ep en d en t upon ^ - u t i l i z e r s  to  keep  
th e  p a r t i a l  p r e s s u r e  o f  ^  low, and i n  e f f e c t ,  a l lo w  th e  thermodynam­
i c a l l y  u n fa v o ra b le  r e a c t i o n  to  p ro ceed  (8 0 ) .  T h is  p ro c e s s  o f  " i n t e r ­
s p e c i e s  t r a n s f e r "  i s  e x t re m e ly  im p o r ta n t  to  (X ^ - re d u c in g  m ethano- 
g e n s ,  s i n c e  th e y  r e q u i r e  4 m oles o f  f o r  e v e ry  mole o f  CO2  red u ced  
(8 0 ) .  T h e ir  r a p i d  u se  o f  Hg f o r  m ethane p ro d u c t io n  b e n e f i t s  th e  
p ro d u c in g  o rgan ism s  and e n s u r e s  a  c o n t in u in g  s u p p ly  o f  re d u c in g  power. 
I f  m ethanogens were found to  compete w i th  s u l f a t e - r e d u c e r s  f o r  a v a i l ­
a b le  H2 , t h e  r e s p i r a t o r y  p r o c e s s  d e r i v i n g  th e  g r e a t e s t  en erg y  ( s u l -  
f a t e - r e d u c t i o n )  would d o m in a te ,  and a s  a  r e s u l t ,  m e th a n o g en e s is  would 
be i n h i b i t e d  (18 , 65, 7 3 ) .
Very l i t t l e  i s  known ab o u t  th e  e f f e c t  o f  NaCl on m ethanogen ic  
b a c t e r i a .  In  one s tu d y  o f  f r e s h w a te r  m ethanogens, m ethane p ro d u c t io n  
was i n h i b i t e d  by 9 7 .3  mM NaCl (4 4 ) .  However, Methanogenium c a r ia c i  
and M. m a r is n ig r i , two m arine  m ethanogens , have  optimum NaCl r e q u i r e ­
ments o f  46 and 10 mM, r e s p e c t i v e l y  ( 5 6 ) .  M ethanogenes is  i n  t h e  d e l t a  
s ed im e n ts  w i th  added carbon  and e n e rg y  s o u rc e s  was s e v e r e ly  i n h i b i t e d  
by 2000 mM NaCl, and e n r ic h m e n ts  i n  b r o t h  m edia w i th o u t  added NaCl 
showed no m ethanogen ic  a c t i v i t y  ( d a ta  n o t  show n). I t  th u s  a p p e a rs  
t h a t  th e  d e l t a  m ethanogens were o b l i g a t e  N a C l - r e q u i r e r s ,  b u t  t h e i r  
optimum NaCl c o n c e n t r a t i o n  f o r  grow th rem a in s  t o  be d e te rm in e d .  I t  
i s  n o t  s u r p r i s i n g  t h a t  d e l t a  m e th an o g en es is  was N aC l-dependen t,  s i n c e  
many b a c t e r i a  i s o l a t e d  from m arine  h a b i t a t s  r e q u i r e  e l e v a t e d  NaCl
c o n c e n t r a t i o n s .  No m ethanogens i s o l a t e d  from any s o u r c e ,  to  d a t e ,  
p o s s e s s  p e p t id o g ly c a n  i n  t h e i r  c e l l  w a l l s  (30 , 3 1 ) ,  and some, I n c lu d in g  
th o s e  i n  th e  d e l t a  s e d im e n ts ,  a p p e a r  to  p o s s e s s  v e ry  f r a g i l e  c e l l  w a l l s  
(27 , 5 6 ) .  I t  i s  p o s s i b l e  t h a t  th e  s t r u c t u r a l  i n t e g r i t y  o f  t h e s e  m eth­
anogens i s  d ependen t upon e l e v a t e d  NaCl c o n c e n t r a t i o n s ,  a n a lo g o u s  to  
t h a t  s ee n  i n  th e  o b l i g a t e  h a l o p h i l e ,  H alobacteriu m .
The optimum te m p e ra tu re  f o r  m e th an o g en es is  i n  u n a d u l t e r a t e d  s e d i ­
ments was 45° C. However, i n  e n r ic h m e n ts  t h a t  s e l e c t e d  s p e c i f i c a l l y  
f o r  m ethanogens, th e  optimum te m p e ra tu re  f o r  m e th an o g en es is  was 35- 
40° C. Th is  i n d i c a t e s  t h a t  th e  in  s i t u  t e m p e ra tu re  o f  20° C was r a t e -  
l i m i t i n g .  A s i m i l a r  phenomenon was seen  i n  f r e s h w a te r  s ed im en ts  o f  
Lake Mendota (8 1 ) .  The optimum te m p e ra tu re  o f  35 -42°  C was c o n s id e r ­
a b ly  h ig h e r  th a n  th e  maximum in  s i t u  t e m p e ra tu re  o f  28° C (8 1 ) .  In  
th e  d e l t a  s e d im e n ts ,  i n c u b a t io n  a t  45° C may have  fa v o re d  th e  growth 
o f  some b a c t e r i a  t h a t  p ro v id e d  m ethane p r e c u r s o r s  (o r  o th e r  grow th 
f a c t o r s )  to  th e  m ethanogens . Thus, m e th a n o g en e s is  would p ro ceed  
m axim ally  a s  a  r e s u l t  o f  i n c r e a s e d  s u b s t r a t e  a v a i l a b i l i t y ,  and n o t  
n e c e s s a r i l y  b eca u se  i t  was th e  optimum growth te m p e ra tu re  f o r  th e  
d e l t a  m ethanogens.
M ethanogenes is  i n  u n a d u l t e r a t e d ,  0 .2  m -deep , S i t e  1 s ed im en ts  
a t  20° C amounted to  0 .2 4  nmol CH  ̂ p e r  gram se d im e n t ,  d ry  w e ig h t ,  p e r  
day . T h is  i s  e q u i v a l e n t  to  0 .0 0 3  ml CH  ̂ ( a t  S .T .P . )  p e r  l i t e r  o f  
w et s ed im en t p e r  d ay , o r  ro u g h ly  1 ml C H ^ / l /y e a r .  T h is  v a lu e  com­
p a r e s  f a v o r a b ly  w i th  m ethane p ro d u c t io n  r a t e s  m easured  i n  o t h e r  m arin e  
s e d im e n ts :  0 .0 3 5 -0 .0 4 1  nmol CH^/g/day i n  th e  S an ta  B arb a ra  B as in  (5 , 
3 2 ) ;  and 0 .029  nmol CH^/g/day i n  t r o p i c a l  F l o r i d a  Keys s e d im e n ts  (4 3 ) .
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M ethanogenes is  i n  th e  d e l t a  s ed im en ts  o c c u r re d  a t  a  r a t e  6 -8  t im e s  
t h a t  o b se rv ed  i n  o t h e r  m a rin e  s e d im e n ts .  T h is  may have  been  due to  
th e  l a r g e  n u t r i e n t  lo a d  found i n  th e  d e l t a  s ed im en ts  n e a r  t h e  mouth 
o f  t h e  M i s s i s s i p p i  R iv e r ,  a s  compared t o  t h e  open ocean sed im e n ts  i n  
th e  o t h e r  s t u d i e s .  The r a t e s  o f  m e th a n o g en e s is  i n  Lake M endota, 12 .2  
nmol CH^/g/day (7 4 ) ;  and Lake V ech ten ,  3 4 .0  nmol CH^/g/day (14) were  
50-140 t im es  g r e a t e r  th a n  i n  th e  d e l t a .  W in te rg re en  Lake, a  h y p e r -  
e u t r o p h ic  l a k e ,  e x h i b i t e d  an enormous r a t e  o f  m e th a n o g e n e s is ,  15,360 
nmol C H ^/g/day , o r  a b o u t  6 .4  X 10^ t im es  g r e a t e r  th a n  i n  th e  d e l t a  (6 1 ) .
M ethanogenes is  by 0 .2  m-deep s ed im en ts  i n  th e  o n e - l i t e r  r e a c t i o n  
v e s s e l s  e x h i b i t e d  a  r e s p o n s e  t h a t  i s  t y p i c a l  o f  m e th a n o g en e s is  in  
o t h e r  sy s tem s (76 , 8 0 ) .  Methane p ro d u c t io n  o c c u r re d  a t  E^ v a lu e s  
r a n g in g  from -3 0 0  to  -3 5 0  mV. The b i o l o g i c a l  g e n e r a t i o n  o f  methane 
r e q u i r e s  t h a t  th e  o f  t h e  sy s tem  be a t  o r  below a p p ro x im a te ly  -200  
mV. The red u ced  d e l t a  s e d im e n ts  were below  th e  l i m i t  needed  f o r  
a c t i v e  m e th a n o g e n e s is .  In  each  r e a c t i o n  v e s s e l ,  t h e  E^ i n i t i a l l y  
dropped  to  a  more n e g a t i v e  v a lu e  (-350  t o  -420  mV). A f t e r  8 d a y s ,  
i t  became s l i g h t l y  more p o s i t i v e  and l e v e l e d  o f f  a t  -300  t o  -3 7 5  mV.
The d ip  i n  E^ e a r l y  i n  t h e  in c u b a t io n  p e r io d  was p ro b a b ly  a  r e s p o n s e  
to  th e  r e l e a s e  o f  s u l f i d e  d u r in g  s u l f a t e - r e d u c t i o n .  The sed im en ts  
became v i s i b l y  b la c k e n e d  d u r in g  t h i s  p e r i o d .  L a t e r ,  s u l f i d e  was 
p r e c i p i t a t e d  a s  FeS, and th e  E^ re a c h e d  a  p l a t e a u .  The h ig h  b u f f e r i n g  
c a p a c i t y  o f  th e  d e l t a  s e d im e n ts  m a in ta in e d  th e  pH a t  a c o n s t a n t  v a lu e  
th ro u g h o u t  th e  e x p e r im e n t ,  a l th o u g h  th e  pH was d i f f e r e n t  i n  each  v e s s e l .
I d e n t i f i c a t i o n  o f  D e l t a  M ethanogens and S u l f a t e - R e d u c e r s
I t  i s  im p o s s ib le  to  i d e n t i f y  th e  d e l t a  m ethanogens t h a t  were  
o b se rv ed  i n  e n r ic h m en t  c u l t u r e s  w i th o u t  th e  b e n e f i t  o f  p u re  c u l t u r e s .  
However, b a se d  upon c e l l u l a r  m orphology, and th e  r e s p o n se  o f  t h e  d e l t a  
s e d im e n ts  to  added s u b s t r a t e s ,  i t  i s  p o s s i b l e  to  s p e c u l a t e  on th e  
p h y s i o l o g i c a l  ty p e s  o f  m ethanogens t h a t  may be  p r e s e n t  i n  th e  d e l t a  
s e d im e n ts .  V i r t u a l l y  a l l  m ethanogen ic  e n r ic h m e n ts  w ere  dom inated  by 
a  s i n g l e  m orpho type, an i r r e g u l a r l y  c o c c o id  c e l l .  M o rp h o lo g ic a l ly ,  
vi t  ap p ea re d  to  be s i m i l a r  t o  th e  genus Methanogenium. A l l  members 
o f  t h i s  g en u s ,  M. c a r ia c i  (5 6 ) ,  M. m arisn igri (5 6 ) ,  and M. p a lu d is-  
maritimae (29) a r e  m arin e  m ethanogens. These s p e c i e s  u t i l i z e  CO2  + H2  
and fo rm a te  f o r  growth and methane p r o d u c t io n ,  b u t  do n o t  u t i l i z e  
m ethano l o r  N-methyl compounds. Mah (37) r e c e n t l y  d e s c r ib e d  th e  i s o ­
l a t i o n  and c h a r a c t e r i z a t i o n  o f  Methanococcus mazei from a l a b o r a t o r y  
sewage s lu d g e  d i g e s t o r .  T h is  o rgan ism  u n d erg o es  a  l i f e  c y c le  i n  w hich 
th e  m ethanogen ( in  young c u l t u r e s )  form s a  l a r g e  c e l l  a g g re g a te  t y p i c a l  
o f  t h e  genus Methanosarcina (3 7 ) .  The c e l l  a g g r e g a te s  l a t e r ,  g iv e  r i s e  
to  c y s t - l i k e  s t r u c t u r e s  t h a t  c o n ta in  h u n d red s  o f  i r r e g u l a r l y  co cc o id  
c e l l s  (3 7 ) .  The c o c c o id  c e l l s  re sem b le  Methanococcus v a n n ie li i ,  Meth­
anogenium c a r ia c i ,  and M. m arisn igri (3 7 ) .  The i r r e g u l a r l y  co cco id  
c e l l s  o b se rv ed  i n  th e  d e l t a - d e r i v e d  e n r ic h m e n ts  a l s o  m o rp h o lo g ic a l ly  
re sem b led  Methanococcus m azei. M. mazei p o s s e s s e s  t h e  same p h y s io ­
l o g i c a l  c h a r a c t e r i s t i c s  o f  t h e  m e th a n o s a rc in a e ,  i . e . ,  i t  u s e s  a c e t a t e ,  
m e th a n o l ,  m e thy lam ine , and t r im e th y la m in e  f o r  grow th and m e th an o g en es is  
(3 7 ) .  The r a p i d  p ro d u c t io n  o f  m ethane , b o th  i n  d e l t a  s ed im en t s l u r r i e s  
and i n  e n r ic h m en t  c u l t u r e s ,  from m e th a n o l ,  N-m ethyl compounds, and 
CO2  +  H2  ( a s  w e l l  a s  p roduced  from  * ^ C - 2 - a c e t a te )  i n d i c a t e s  t h a t
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m ethanogens w hich a r e  p h y s i o l o g i c a l l y  r e l a t e d  to  Methanosarcina barkeri 
and Methanococcus mazei o c c u r r e d  i n  t h e  d e l t a  s e d im e n ts .  There  i s  a 
good p r o b a b i l i t y  t h a t  t h e  i r r e g u l a r l y  c o cc o id  c e l l s  t h a t  dom inated  
t h e  m ethanogen ic  d e l t a - d e r i v e d  e n r ic h m en t  c u l t u r e s  w e re ,  i n  f a c t ,  t h e  
m ethanogen ic  s p e c i e s  o f  t h e  mixed c u l t u r e s .  I t  w i l l  be  n e c e s s a r y  to  
o b t a i n  p u re  c u l t u r e s  o f  t h e  d e l t a  m ethanogens i n  o r d e r  t o  co n f irm  
t h e i r  i d e n t i t y .  At t h i s  p o i n t ,  i t  i s  p o s s i b l e  to  s p e c u l a t e  t h a t  th e  
d e l t a  i s o l a t e  would be c l o s e l y  r e l a t e d ,  p h y s i o l o g i c a l l y ,  to  th e  m eth- 
a n o s a r c in a e ,  and m o rp h o lo g ic a l ly  s i m i l a r  t o  th e  m e th a n o co c c i .  I t  
would p ro b a b ly  m ost c l o s e l y  re s e m b le ,  o v e r  a l l ,  th e  o rg an ism , Meth­
anococcus m azei, w i th  th e  e x c e p t io n  t h a t  th e  d e l t a  m ethanogens r e q u i r e  
an e l e v a t e d  NaCl c o n c e n t r a t i o n  f o r  g ro w th . In  a d d i t i o n ,  th e  a l l e g e d  
d e l t a  methanogen d id  n o t  a p p e a r  to  form A fefchanosarc ina-like  c e l l  
a g g r e g a te s  i n  young b r o th  c u l t u r e s .  The co cc o id  d e l t a  o rg an ism s  would 
p ro b a b ly  c o n s t i t u t e  a new ta x o n ,  s i n c e  a l l  known m arine  methanogens 
(Methanogenium s p . )  u t i l i z e  fo rm a te  f o r  growth and m e th a n o g e n e s is .
Form ate  had no e f f e c t  on d e l t a  m e th a n o g e n e s is .  The d e l t a  m ethanogens 
w ere  r e a d i l y  grown i n  mixed c u l t u r e s ,  b u t  i t  w i l l  r e q u i r e  th e  a d d i t i o n  o f  
c e r t a i n  unknown growth f a c t o r s  i n  o r d e r  t o  o b t a in  t h e s e  o rgan ism s  in  
p u re  c u l t u r e .
The i s o l a t i o n  and c h a r a c t e r i z a t i o n  o f  d e l t a  s u l f a t e - r e d u c e r s  
posed  no in s u rm o u n ta b le  p ro b lem . Of th e  80 s t r a i n s  t h a t  were i s o l a t e d ,
75 b e lo n g ed  to  th e  genus D esu lfo v ib rio , and 5 b e lo n g ed  to  t h e  genus 
Desulfotomaculum. Based upon c e l l  m o rp h o lo g ies  and p h y s i o l o g i c a l  
c h a r a c t e r i s t i c s ,  a l l  75 s t r a i n s  o f  D esu lfov ibrio  a p p ea re d  t o  be r e p r e ­
s e n t a t i v e s  o f  D esu lfov ib rio  sa lex ig en s . Two s a l i e n t  c h a r a c t e r i s t i c s
o f  Dv. sa lex igen s  a r e :  (1) ex trem e  r e s i s t a n c e  to  H ib i t a n e ;  and ( i i )  
an  a b s o l u t e  r e q u ire m e n t  f o r  NaCl f o r  growth (5 0 ) .  A l l  75 d e l t a  d e -  
s u l f o v i b r i o s  s h a re d  th e s e  c h a r a c t e r i s t i c s .  However, i n  some r e s p e c t s ,  
t h e  d e l t a  i s o l a t e s  p h y s i o l o g i c a l l y  re sem b led  Dv. desu lfu rican s  i n  
t h e i r  a b i l i t y  to  grow on p y r u v a te  w i th o u t  s u l f a t e .  A ls o ,  17 o f  th e  
75 i s o l a t e s  w ere  a b l e  t o  grow on c h o l in e  w i th o u t  s u l f a t e ,  a n o th e r  
f e a t u r e  i n  commom w i th  Dv. d esu lfu rica n s. I t  w i l l  be  n e c e s s a r y  to  
d e te rm in e  th e  mol% g u an in e  p l u s  c y to s i n e  (G +  C) c o n te n t  i n  th e  DNA 
o f  t h e  75 i s o l a t e s  i n  o r d e r  to  more c l e a r l y  c l a s s i f y  th e  o rg a n ism s .
Dv. sa lex igen s  c o n ta i n s  4 6 .1  mol% G +  C, w h i le  Dv. desu lfu rican s  
c o n ta in s  5 5 .3  mol% G +  C (5 0 ) .
The 5 Desulfotomaculum  i s o l a t e s  d id  n o t  a p p e a r  to  c l o s e l y  r e ­
sem ble any d e s c r ib e d  ta x o n .  Of t h e  t h r e e  r e c o g n iz e d  s p e c i e s  o f  s p o r e -  
fo rm ing  s u l f a t e - r e d u c e r s ,  two can be  e l im in a t e d  a s  p o s s i b l e  m a tch es .  
F i r s t ,  Desulfotomaculum rum inis and Dt. n ig r if ic a n s  a r e  b o th  c a p a b le  
o f  grow th on p y ru v a te  minus s u l f a t e  (5 0 ) .  The 5 d e l t a  i s o l a t e s  were 
n o t .  Second, a s a l i e n t  c h a r a c t e r i s t i c  o f  D t. n ig r if ic a n s  i s  growth 
a t  55° C (5 0 ) .  The 5 d e l t a  i s o l a t e s  f a i l e d  to  grow a t  t h i s  tem pera ­
t u r e .  T h i rd ,  Dt. rum inis i s  c a p a b le  o f  grow th on fo rm a te  p lu s  s u l ­
f a t e  (5 0 ) .  The 5 d e l t a  i s o l a t e s  f a i l e d  to  grow i n  t h i s  medium. Based 
on th e s e  c o n s i d e r a t i o n s ,  Dt. rum inis and Dt. n ig r if ic a n s  w ere r u l e d  
o u t  a s  p o s s i b l e  i d e n t i t i e s  o f  t h e  5 d e l t a  i s o l a t e s .  The rem a in in g  
known member o f  t h e  genus Desulfotomaculum  i s  Dt. o r ie n t is  (5 0 ) .
Some p h y s i o l o g i c a l  f e a t u r e s  o f  t h i s  o rg an ism  a r e  s h a re d  w i th  t h e  5 
d e l t a  i s o l a t e s ,  how ever, some s t r i k i n g  f e a t u r e s  o f  each  o rg an ism  te n d  
to  d i f f e r e n t i a t e  them. D t. o r ie n t is  i s  a  cu rved  ro d ,  and none o f  t h e
f i v e  d e l t a  I s o l a t e s  were c u rv e d .  A lso ,  th e  5 d e l t a  I s o l a t e s  r e q u i r e d  
NaCl f o r  g row th , w hereas  Dt. o r ie n t is  does n o t  (5 0 ) .  I t  th u s  a p p e a r s  
t h a t  th e  5 d e l t a  i s o l a t e s  p ro b a b ly  c o n s t i t u t e  a  new s p e c ie s  o f  th e  
genus Desulfotomaculum, b u t  may be r e l a t e d  t o  Dt. o r ie n t is .
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